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P  RE PACE 


r.  s.  Williams  and  W,  Trapp* 


In  1917,  the  President  of  the  United  States  and  the  Prime 
Minister  of  Croat  Britain  made  a  "Declaration  of  Common  Purpose". 

Subseauen tl”  the  Canadian  and  Australian  governments  also  sub-  ' 

scribed  to  this  document.  The  Declaration  emphasized  the 
principle  of  interdependence ,  based  on  the  concept  that  the 
resources  of  the  three  countries,  and  in  particular  their 
skilled  scientific  and  technical  manpower,  cou’i  be  used  to 
much  oreater  advantane  if  closer  collaboration  could  be  achieved. 
Accordingly,  provisions  were  made  under  this  Declaration  to  ex¬ 
change  non-atomic  information  exchanne  considerations. 

Prom  this  Declaration  oc  Common  Purpose  there  has  emerged 
"The  Technical  Cooperation  Pronram" ,  the  primarv  objectives  of 
which  is  to  eliminate  wasteful  duplication  of  Defense  research 
and  development  effort.  A  suh-commi ttoe  reviews  the  objectives, 
the  resources  emrloved,  and  the  progress  achieved  in  the  four 
countries.  It  formulates  proposals  designed  to  obtain  the 
maximum  cooperation  and  optimum  ornnlovment  of  the  resources  at 
hand.  It  also  tries  to  insure  complete  and  continuous  inter-  *  * 

change  or  information  among  the  four  countries  in  the  specified 
fields  of  research  and  development.  f 

As  part  of  the  organization  of  the  TTCP ,  a  Sub-C-roup  .n 
Materials  was  established  which  has  within  it  the  Workinq 
Panel  on  Methods  o f  Test  and  evaluation,  the  sponsor  of  the 
svmnosium  described  in  these  proceedings.  The  establishment 
of  the  Sub-Oroup  on  Materials  derived  from  full  recognition 
that  advances  in  performance  of  weapon  svstems  and  supporting 
equipment  were  increasingly  dependent  upon  the  improvement  in 
the  knowledae  of  the  properties  and  applications  of  materials 
and  on  the  improvement  of  the  materials  themselves.  The 
ability,  however,  to  readil”  translate  improvements  in  prop¬ 
erties  of  materials  into  improvements  in  the  performance  of 
a  system  is  dependent  upon  the  validity  of  the  method  of 
characterizing  or  testing  the  material. 

While  there  is  an  almost  limitless  variety  of  test  methods 
in  use  for  characterizing  a  material,  there  is  verv  limited 
information  available  to  show  the  significance  of  the  test  bv 
relating  variations  in  the  material  nronerb'  to  variations  m 
the  service  eerrcrm?nce  of  the  component  or  system.  Improve¬ 
ments  in  techniques  of  correlation  would  do  much  to  stem  the 
rising  cost  of  test  and  evaluation. 

*F.  5.  williams,  Chairman  Working  Panel  on  Methods  of  Test  and  1 

Evaluation 

W.  Trapp,  Chairman,  Svmnosium  Committee 
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The  Panel  came  to  the  conclusion  that  it  should  solicit 
examples  of  efforts  expended  to  relate  material  properties 
to  systems  performance  as  a  means  of  establishing  the  "state 
of-the-art,  in  this  area  and  through  this,  to  stimulate 
scientists  and  engineers  in  materials  and  materials  applica¬ 
tion  oriented  organizations  to  seek  more  meaninoful  relation 
ships,  or  correlations  between  laboratory  tests  and  service 
performance . 

With  the  foregoino  as  a  background,  the  symposium  was 
planned  with  a  view  to  presenting  papers  on  testing  and 
evaluation,  as  applied  to  a  broad  spectrum  of  materials  ~ 
metallic,  non-metallic ,  and  composite.  The  essential  uni- 
fyincr  theme  or  common  denomination  was  the  "correlation  of 
material  characteristics  with  system  performance" . 

The  Working  Panel  on  Methods  of  Test  and  Evaluation 
desire  to  express  its  appreciation  to  all  the  participants 
of  the  symposium  for  their  important  contributions. 


SELECTION /DEVELOPMENT  OF  NONDESTRUCTIVE  TESTS  FOR 
QUANTITATIVE  PREDICTION  OF  MATERIALS  PERFORMANCE 


C.  H.  Hastings 

Avco  Corporation,  Space  Systems  Division 
L'well,  Massachusetts 


Introduction 


Although  there  is  ample  experimental  evidence  to  support  the  philosophy 
of  concurrent  studies  of  nondestructive  tests  with  materials  and  product 
development,  it  is  surprising  how  many  opportunities  to  realize  the 
economic  and  technical  advantages  are  being  missed.  An  inadequate  supply 
of  professional  NDT  manpower,  properly  guided  as  to  viewpoints  and 
approach,  continues  to  be  a  pacing  item  in  intelligent  use  of  NDT  technology. 

Thus,  although  correlations  are  being  developed  between  NDT  results  and 
service -significant  design  properties,  the  application  of  these  advances 
lags. 

At  a  TTCP  meeting  held  in  Concord,  California,  in  May  1965,  progress  in 
the  development  of  NDT  techniques  for  evaluating  density,  modulus,  and 
ultimate  tensile  strength  of  bulk  graphite  at  room  temperature  was  reported. 

In  this  report,  NDT  prediction  capability  for  these  properties  was  stated  to  be 
better  than  ±1%  for  density,  ±0.03  x  10&  psi  for  modulus,  and  within  ±300  psi 
for  tensile  strength.  These  correlations  were  shown  to  be  valid  for  several 
different  grades  of  bulk  graphite,  and  for  both  "with-the-grain"  and  "against- 
the  grain11  directions.  Density  variability  was  clearly  identified  as  the 
correlation -dependent  material  variable.  The  combined  use  of  a  nondestructive 
gamma-ray  gage  and  ultrasonic  velocity  results  led  to  these  correlations  with 
properties  significant  to  hardware  design  and  service  behavior. 

Since  the  May  1965  report,  efforts  have  been  successfully  devoted  to  oth»  r 
grades  of  graphite  covering  a  wider  range  of  these  same  properties.  The 
same  calibration  curves  have  been  found  valid  even  though  the  modulus  range 
has  been  tripled  and  the  tensile  strength  range  has  been  almost  doubled. 

Effort  to  promote  the  application  of  these  advances  at  graphite  vendor  and  user 
facilities  has  met  with  understanding  but  has  been  bogged  down  by  equipment 
and  personnel  availability  problems  at  those  locations.  Persistence  in  effort 
is  expected  to  succeed  in  solving  these  latter  problems,  however. 


1 


Simultaneously,  work  has  been  extended  to  development  of  an  NDT  capability 
to  predict  thermal  properties  such  as  conductivity,  diffusivity,  and 
emissivity  under  the  continuing  Air  Force  Materials  Laboratory  sponsorship. 

Development  of  Infrared  NDT  for  Thermal  Properties  Measurement 


Reference  (2)  contains  a  theoretical  justification  for  an  infrared,  transient 
heating,  comparative  technique  for  determining  thermal  conductivity.  When 
thermal  conductivity  is  combined  with  knowledge  of  modulus,  tensile  strength, 
and  expansion  coefficient,  the  relative  ability  of  graphite  to  withstand  thermal 
cracking  may  be  empirically  determined.  Thermal  conductivity  is  also  a 
basic  oesign  property  required  for  many  calculations  leading  to  satisfactory- 
service  behavior  for  hardware.  Although  considerable  work  remains  to 
demonstrate  the  validity  and  practicability  of  the  IR  technique,  results  to 
dateO)  are  encouraging  and  suggest  broad  applicability  to  both  high  and  iow 
conductivity  materials  or  practical  hardware  configurations. 

The  exper  nental  arrangement  is  simply  described  by  reference  to  Figure  1. 

The  specimen  is  heated  locally  on  one  of  its  surfaces  by  focussed  projection 
lamps  which  provide  a  constant  radiant  heat  flux.  The  temperature  history 
of  the  center  of  the  heated  area  is  simultaneously  monitored  using  an  infrared 
radiometer  as  the  sensor.  Analysis  of  the  geometry  of  the  recorded  time- 
temperature  trace,  a  comparison  of  it  with  the  record  from  a  "standard" 
material,  and  knowledge  of  the  unknown's  density  and  specific  heat,  permits 
the  determination  of  both  conductivity  and  thermal  diffusivity.  The  local 
density  determinations  can  be  made  by  nondestructive  radiation  gaging 
techniques  and  the  specific  heat  can  be  obtained  from  handbooks.  For  graphites, 
the  specific  heat  values  can  be  considered  constant  for  chemically  similar 
grades.  It  is  not  important  that  the  heat  flux  incident  on  the  specimen  be  known 
and  the  temperature  rise  of  the  specimen  is  only  a  few  degrees  above  ambient 
so  that  the  technique  is  indeed  nondestructive.  However,  certain  boundary 
conditions  must  be  maintained  for  successful  measurements.  The  required 
adherence  to  these  conditions  is  presently  being  evaluated.  Important  boundary 
considerations  are: 

a.  The  heat  flux  input  should  be  constant  with  time  and  uniform  over 
the  heating  area, 

b.  The  specimen  dimensions  should  appear  semi-infinite  to  heat  flow 
during  the  time  period  of  heating  and  observation.  Unidirectional  heat 
flow  into  the  specimen  is  assumed, 

i  .  The  emissivity  must  be  uniform  over  the  area  being  heated  for  any 

one  observation  and  its  value  relative  to  the  reference  material  must  be  known. 
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The  equations  relating  heat  flux,  time  of  heating,  thermal  properties  of 
the  specimen  and  surface  temperature  combine  into  the  form  y  =  (x)^^, 
suggesting  a.  parabolic  response  curve.  Figure  2a,  taken  from  one 
channel  cf  a  dual  channel  recorder,  shows  the  total  radiometer  response 
to  specimen  irradiation.  It  includes  the  reflected  infrared  radiation  from 
the  specimen  surface  (21  divisions)  plus  the  self  emitted  radiation  due  to 
specimen  temperature  rise  over  a  3  second  heating  cycle  (2  divisions). 

The  first  step  in  the  measurement  nrocess  is  to  determine  the  reflectance 
from  Figure  2a.  Emissivity  is  then  defined  as  one  minus  the  reflectance 
for  opaque  materials.  In  Figure  2b,  which  is  an  expansion  of  the  top  of 
the  2a  trace,  one  sees  only  the  self  emitted  radiation  due  to  specimen 
heating.  The  reflected  radiation  has  been  eliminated  by  adjusting  the 
recorder  voltage  offset.  From  this  Figure  2b  trace,  the  change  in  voltage, 
over  a  selected  time  interval,  say  between  one  and  two  seconds  after 
heating  initiation,  is  determined.  The  entire  trace  is  about  four  seconds 
long. 

Figure  3  shows  a  superposition  of  expanded  traces  for  lead,  steel,  graphite, 
aluminum,  and  copper.  The  different  AV:s  are  immediately  apparent.  By 
calculation  relating  an  unknown  material  specimen  (a)  to  a  known,  say 
copper  (b),  over  the  same  heating  interval,  the  unknown's  thermal 
conductivity  and  diffusivity  can  be  determined.  The  equations  are  of  the 
form: 

/'A.  \  1  (i»s)  *  /mV 

v  Va4  /  (i'S)"  \',a) 

“«  (\:\  ‘  (l'S)  ?’  /  mV 

W7 /  <fCp)  f  \ 'W 

where:  ^  =  thermal  conductivity 

a  =  thermal  diffusivity 

‘a  =  emissivity  at  IR  wavelengths 

P  -  density 

f-p  =  specific  heat 

\T  =  voltage  change  over  a  time  interval,  from  radiometer  trace 

At  present,  the  capability  of  split-bar  static  techniques  is  about  ±10%  accuracy, 
at  best,  for  graphite.  Measurement  of  room  temperature  thermal  conductivity 
usually  requires  extrapolation  from  several  points  measured  for  elevated 
temperature,  say  100,  150,  and  ^00°  F.  Typical  time  for  one  specimen  may  be 
one  to  several  days.  Diffusivity  is  determined  by  separate  additional 
measurements. 
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The  IR  NDT  technique  is  presently  being  evaluated  quantitatively  for  accuracy. 
It  appears  to  have  a  strong  potential  for  further  improvement  by  optimizing 
boundary  conditions,  heating  sources  and  calibration.  Thermal  conductivity 
and  diffusivity  are  both  determined  in  a  matter  of  minutes  for  a  given  area 
on  a  specimen.  Since  determinations  are  made  on  areas  only  1/16  inch 
across,  opportunity  to  detect  variability  within  practical  fabrications  exists. 
The  conventional  static  technique  yields  an  average  K  value  assuming 
uniformity  within  a  one  inch  diameter  specimen  which  must  be  machined 
from  the  material  or  part. 

If  one  realizes  that  much  unexplained  "random"  failure  of  hardware  in 
service  is  attributed  to  unrecognized  material  variability,  this  IR  NDT 
technique  shows  promise  of  minimizing  the  need  to  assume  material 
homogeneity  on  the  basis  of  small  sample  size,  destructive  measurements, 
with  respect  to  thermal  properties. 

NDT /Mechanical  Properties  Correlations  for  Reinforced  Plastics 


The  use  of  reinforced  plastics  as  primary  structural  load-bearing  members 
is  attractive  because  of  their  high  specific  strength.  Designers  tend  to 
approach  application  problems  with  caution  or  trepidation,  however,  because 
of  their  relatively  poor  characterization  (relative  to  common  engineering 
metal  alloys)  and  their  high  coefficients  of  mechanical  property  variability. 
Nondestructive  tests  are  being  developed  to  assist  the  fabricator  in  uniform 
processing  and  the  inspector  in  qualifying  hardware  to  design  property 
specifications. 

Effort  has  been  directed  to  glass  reinforced  resins  of  epoxy,  phenolic,  poly¬ 
benzimidazole,  silicone,  and  polyester  systems.  The  problem  is  approached 
by  attempts  to  define  the  material  variables  exerting  strongest  control  on 
significant  design  properties  and  quantitative  NDT  for  evaluating  these 
material  variables. 

There  is  a  long  list  of  material  and  process  variables  which  have  been 
suggested  by  various  investigators  as  influential  on  mechanical  properties 
of  glass  laminates.  However,  their  relative  significance  is  not  clear. 

Figure  4  is  typical  of  an  abortive  attempt  to  find  a  simple  relationship  between 
tensile  modulus  and  density  in  a  certain  specific  glass  laminate  system.  The 
pattern  of  points  is  fairly  hopeless  from  the  point  of  view  of  statistically 
valid  correlation.  One  might  attempt  to  draw  lines  for  the  specific  systems, 
as  has  been  done  in  this  figure  for  the  PBI  and  polyester  laminates.  Effort 
to  generalize  broadly  for  all  laminates  seems  futile. 

For  our  initial  studies,  we  chose  to  hold  as  constant  as  possible  the  following: 
1.  Glass  fabric  -  181  weave,  E  glass 
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2.  Coupling  agent  (fabric  finish),  appropriate  to  each  resin  system 
and  constant  for  a  given  system 

3.  Degree  of  cure,  optimized 

4.  Moisture  content,  held  to  minimum 

5.  Laminate  thickness,  nominally  3/8  inch  or  about  40  plies 
The  following  parameters  were  controlled  as  variables  for  study; 

1.  Resin  content 

2.  Void/porosity  content 

Other  parameters  were  considered  uncontrolled  and  randomized.  Twenty- 
five  laminate  panels,  12"  x  12"  in  area,  wore  prepared. 

Initial  NDT  screening  to  detect  macro  cefects  and  map  panel  variability 
involved  radiometric  gaging,  radiography,  ultrasonic  velocity  measure¬ 
ments,  low  frequency  (1  KHz)  dielectric  and  microwave  (35  Ghz)  dielectric 
tests.  These  checks  were  made  on  2"  x  2"  grid  squares  layed  out  on  each 
panel  to  assure  meaningful  location  of  mechanical  test  specimens  by: 

a.  excluding  macro  flaws 

b.  including  extremes  and  intermediate  values  of  material  variability 

In  this  way,  material  variability  significance  could  be  studied  as  it  related 
to  NDT  in  "flaw  free"  material. 

Details  of  the  NDT  techniques  employed  a*e  described  in  reference  (4) 
and  are  rather  conventional. 

Destructive  characterization  included: 

a.  Density  (gravimetric) 

b.  Resin  content 

c.  Void  volume 

d.  Dielectric  constant  and  dissipation  factor 

e.  Tensile  properties  (modulus  of  elasticity,  strength,  proportional 
limit,  total  strain-to-failure) 

f.  Flexure  properties  (modulus  of  elasticity,  modulus  of  rupture, 
total  deflection) 

Although  the  long  range  goal  of  data  analysis  is  to  seek  quantitative  correlations 
between  NDT  and  design/service  critical  properties,  work  to  date  has  succeeded 
in  revealing  trends  in  relationships  rather  than  precise  correlations.  The  NDT 
data  is  plotted  empirically  against  mechanical  test  data.  Chemical  character¬ 
ization  is  applied  to  keep  track  of  resin/glass  ratio,  degree  of  cure,  and 
porosity. 
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In  reality,  none  of  the  destructive  tests  for  reinforced  plastics  against 
which  the  NDT  results  are  plotted  are  reliable  or  well  understood.  Under 
these  circumstances,  tight  correlations  are  not  to  be  expected.  The 
trends  which  have  been  found  represent  a  glimmer  of  hope  in  untangling 
an  indescribable  tangle  of  variables  interacting  in  complex  ways.  A  few 
of  the  trends  uncovered  are  described. 


Figure  5  shows  a  clear,  general  trend  between  gravimetric  density  measured 
on  3/4"  diameter  cores  and  ultrasonic  velocity  measured  on  the  same  cores 
for  five  glass-resin  laminate  systems.  Scatter  can  be  explained  by  the 
presence  of  other  parametric  variables,  i.  e.  size  and  location  of  porosity, 
degree  of  cure,  resin  content,  etc.  Figure  6  covering  the  epoxy  system 
alone  reveals  a  fairly  tight  relationship  for  the  non -porous  specimens  as  a 
function  of  resin  content.  The  dark  points  represent  specimens  containing 
unknown  amounts  of  closed  porosity  as  well  as  resin  content  variability. 

This  suggests  a  relationship  as  expressed  in  Figure  7  where  void  content  and 
resin  or  glass  content  are  parameters  relating  density  to  ultrasonic  velocity. 


The  equation  for  ultrasonic  longitudinal  wave  velocity: 

JL  (I  ~6>  1/2 

L  =  ~  ( i  +  o)n  -  2*, 


where:  £  =  Young's  modulus 

p  -  density 

=  Poisson's  ratio 

is  written  for  an  isotropic  material.  Although  plastic  laminates  are  notably 
anisotropic  and  are  composites  of  widely  different  materials,  the  inter¬ 
relationship  of  modulus,  density,  Poisson's  ratio  and  velocity  is  worth 
investigating  experimentally.  For  five  glass-resin  laminate  systems,  as 
previously  listed,  Figures  8  and  9  show  crossplots  of  tensile  and  flexure 
modulus  against  Vp/  p  (density  normalized  ultrasonic  velocity  factor). 
Ultrasonic  velocity  is  measured  parallel  to  the  ply  direction  and  density 
can  be  obtained  by  gamma  ray  gaging  at  the  same  measurement  positions 
on  the  material.  Velocity  measurements  in  the  parallel-to-fabric  direction 
responds  primarily  to  reinforcement  elastic  properties  and  to  the  resin/ 
microporosity  within  the  cloth  layers.  It  is  this  "wetting  out"  of  plies 
which  exerts  a  major  influence  on  tensile  and  flexure  modulus  and  yields 
the  same  regression  line  slope  for  both  modulii.  The  difference  in  scatter 
between  the  two  plots  is  attributable  to  the  more  sophisticated  accounting  for 
shear  deflections  in  the  flexure  test.  No  accounting  is  currently  made  in 
tensile  tests  for  load  distribution  anomalies  related  to  specimen/reinforcement 
geometry.  Studies  of  micromechanics  of  reinforced  plastics  now  in  progress 
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should  lead  to  reductions  in  data  scatter  and  improved  interpretation  of 
destructive  test  results. 

*  It  is  interesting  to  note  that  ultrasonic  velocities  measured  perpendicular 
to  fabric  plies  respond  with  exaggerated  sensitivity  to  macroporosity 

*  located  between  plies,  which  does  not  appear  to  have  equally  large 
influence  on  tensile  and  flexure  modulus.  Hence,  correlations  are  not  as 
clear  cut.  However,  the  perpendicular  velocity  measurements  permit 
identification  of  porosity  between  plies  and  suggests  the  presence  of  process 
variability  which,  if  carried  too  far,  would  certainly  degrade  mechanical 
properties. 

14  5) 

Without  going  into  detail,  other  NDT  correlations  are  being  found'  ’  '  which 
are  expected  to  yield  practical  tools  to  untangle  the  many  variables  influencing 
mechanical  properties  of  reinforced  plastics.  Low  frequency  dielectric 
constant  measurements  respond  to  tensile  modulus  as  influenced  by  degree 
of  cure  while  loss  tangent  responds  to  Shore  D  hardness  values  as  affected 
by  cure  state. 

i  NDT  Measures  T  jrvice  Life  for  Diffusion  Coatings  on 

Refractory  Metals 

I 

Columbium,  molybdenum,  tantalum,  and  tungsten  alloys  are  of  interest  for 
hypersonic  aircraft,  glide  reentry  and  other  vehicles  requiring  radiation 
cooled  structural  members.  The  almost  complete  lack  of  oxidation 
resistance  of  these  alloys  above  1000°  F  requires  protective  coatings 
impervious  to  oxygen  to  permit  their  use  above  2500°  F.  Except  for 
sensitivity  to  rapid  oxidation,  these  refractory  metals  have  excellent 
strength  in  the  operating  temperature  range. 

Diffusion-formed  silicide  coatings  have  been  developed  which  provide  the 
required  protection.  However,  they  have  not  been  reliably  produced  and 
numerous  idiopathic  failures  observed  have  not  been  explained.  Prior 
requests  for  NDT  quality  tests  have  been  frustrated  by  lack  of  information 
on  what  failure  controlling  characteristics  should  be  measured.  Coating 
thickness  was  suggested  as  important  and  numerous  "edge  failures" 
suggested  edge  contour  as  significant.  Little  quantitative  failure  data 
were  available  to  support  these  ideas. 

1  A  combined  failure  mechanism/NDT  development  study  was  undertaken^’  ^ 

for  the  Air  Force  Materials  Laboratory,  in  which  the  coated  refractory 

,  was  regarded  as  a  complex  materials  system,  the  variables  in  each 

component  of  which  must  be  characterized  if  failure  factors  were  to  be 
defined.  Three  base  metal  coating  combinations  were  studied  as  described 
in  Table  I.  For  oach  case,  critical  variables  NDT  screening  techniques 
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shown  in  Table  II  were  applies  to  the  significant  zones  of  the  system. 
Nominally,  the  substrates  are  20  mils  thick  and  the  coatings  2-5  mils 
thick  on  each  side  of  the  substrate.  All  variables  were  presumably 
scooped-up  by  NDT  screening  of  uncoated  substrate  prior  to  service 
evaluation  of  the  coated  specimens.  Substrate  variables  detected  by 
NDT  were  positioned  within  2x2  inch  specimens  subsequently  coated 
by  commercial  coating  vendors  employing  their  "standard"  procedures. 

Following  complete  NDT  characterization,  the  specimens,  some  with  and 
some  without  NDT  detected  variability,  were  subjected  to  2600°  F,  air 
atmosphere,  furnace  exposure  cycles  of  1-4  hours.  Periodic  NDT  was 
applied  between  exposuie  cycles  to  note  base  line  departures  and  failure 
progress.  Low  pressure  tests  (0.  5  mm  of  Hg)  were  also  conducted  at 
3000°  F  and  Mach  3  velocity  in  an  arc  plasma  environment  to  simulate 
heating  at  100,  000  foot  altitude. 

Edge  failures  were  found  to  be  due  primarily  to  chemical  interaction 
between  coated  specimens  and  Vycor  furnace  support  blocks.  Changing  to 
an  inert  support  virtually  eliminated  edge  failures  due  to  edge  contour. 

As  might  be  expected,  failure  mechanisms  differed  for  each  coating- 
substrate  system.  Findings  can  be  summarized  as  follows: 

a.)  TZM/W-3:  --  The  laminar  grain  structure  of  TZM  alloy  exhibited 
a  strong  tendency  to  delamination.  Propagation  of  delamination  defects 
initiated  from  points  of  stress  concentration  (identification  edge  notches). 
Edge  delaminations  were  easily  detected  before  and  after  specimen 
coating  by  dye  penetrant  and  low  power  (40X)  microscopy.  Progress  of 
failures  due  to  delamination  could  be  monitored  by  radiography  between 
furnace  cycles.  Oxygen  entering  unsealed  delaminations  eats  away  the 
substrate,  leaving  a  hollow  shell  of  coating  material.  Failures  due  to 
coating  life  were  related  to  starting  coating  thickness  and  time  in 
furnace,  temperature,  and  pressure/velocitv  for  the  arc  exposures. 

Eddy  current  coating  thickness  measurements  correlated  well  with 
actual  thickness  measurements  before  and  at  intervals  during  exposure. 
Figures  10-15  show  these  correlations.  Of  course,  the  eddy  current 
measurement  can  be  made  from  one  side  only,  accessibility  to  both 
sides  is  not  a  requirement,  as  is  the  case  for  micrometer  measurements. 

Figure  16  shows  metallographic  results  as  a  function  of  furnace  exposure. 
Alt'  ough  micrometer  readings  showed  only  a  0.001  inch  increase  after 
70  hours  of  exposure,  Figure  14  suggests  larger  increase  in  coating 
thickness.  Actually,  the  coating  is  growing  at  the  expense  of  the  substrate, 
also  evident  from  weight  loss  observations.  From  this  observation,  the 
validity  of  eddy  current  readings  and  the  misleading  nature  of  micrometer 
readings  during  service  is  quite  clear. 
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b.  )  Cb  752/Cr-Ti-Si:  --  Unlike  the  TZM/W-3  system,  this  coating 
showed  weight  and  thickness  increase  with  furnace  exposure  time. 

Eddy  current  data,  Figure  17  also  showed  an  increase.  In  this  case, 
the  coating  is  gaining  thickness  by  a  process  of  oxidation,  without 
corresponding  loss  of  substrate.  The  primary  mode  of  failure  of 
Cb  752/Cr-Ti-Si  was  by  pin  hole  burn-through.  Dye  penetrant  and 
backscatter  radiography  showed  "low-density"  areas  before  furnace 
exposure  which  correlated  faithfully  with  burn-through.  Electron 
microprobe  analysis  of  typical  spots  showed  a  chromium  barrier 
layer  deficiency,  permitting  substrate  columbium  to  diffuse  outward 
and  coating  silicon  to  diffuse  inward.  The  Cb  Si;>  and  Cb3  Si2 
compounds  so  formed  have  relatively  poor  oxidation  resistance, 
leading  to  elevated  temperature  burn-through  in  these  local  areas. 

NDT  can  readily  detect  this  deficiency  in  the  coating  process. 

c.  )  B-66/PFR-30:  --  This  system  performed  so  poorly,  due  to 
erratic  variability  of  coating  quality,  that  it  was  dropped  from  further 
study.  Catastrophic  failures  associated  with  cracks,  spalls,  chipping, 
and  porosity  were  observed  prematurely  during  furnace  exposure. 

Many  of  these  conditions  were  visually  obvious  prior  to  furnace  testing. 

Table  III  summarizes  the  failure  modes  and  mechanisms  observed, 
defines  failure  controlling  material  variables,  and  recommends  the 
NDT  methods  found  effective. 

Not  only  was  NDT  found  effective  for  quality  evaluation  (failure 
prediction)  prior  to  simulated  service  exposure,  the  periodic  eddy 
current  thickness  monitoring  during  life  is  suggested  as  an  effective 
tool  for  predicting  remaining  life  during  service. 

Conclusions 


By  carefully  planned  and  searching  applications  of  NDT  principles,  quantitative 
calibration  of  these  techniques  can  be  developed  for  innumerable  problem 
areas.  The  essential  ingredients  for  success  are  proven  relationships  between 
service  required  materials  properties  (design  criteria),  property  controlling 
material  variables,  and  useful  material-energy  interactions. 

Understanding  failure  mechanisms  is  necessary  to  defining  a  tractable  NDT 
problem. 

Our  work  has  shown  that  NDT  can  quantitatively  predict  mechanical  and  thermal 
properties  of  graphite  and  other  materials  --  a  task  usually  thought  to  require 
statistical  sampling  and  destructive  tests.  The  evaluation  of  reinforced  plastics 
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is  complicated  by  their  composite  nature  and  a  lack  of  understanding  of 

relative  significance  of  process/material  variables.  NDT  is  offered  as 

a  powerful  tool,  not  only  for  quality  assessment  but  also  for  understanding 

these  little  understood  materials.  For  oxidation  resistant,  diffusion 

coatings,  several  NDT  techniques  in  combination  can  predict  failures  in 

new  hardware  and  show  strong  potential  for  measuring  remaining  life  ' 

during  service. 
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FECT  OF  UNDETERMINED  SMALL  PERCENTAGES  OF  POROSI 
ULTRASONIC  VELOC'T'  AT  1  MHi  FOR  THE  EPOXY  SYSTEM 
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Figure  7.  GENET  AL  PARAMETRIC  RELATIONSHIP  WHICH  MAY  EXIST  IN  THREE 

COMPONENT  LAMINATE  SYSTEMS 


18 


0.070 


uiy*UJ0^6.  (  3**  W/UI )  '(/"'a  N 

Si  i 


19 


Fisure  8  CORRELATION  BETWEEN  AND  APPARENT  TENSILE  MODULUS  FOR 
FIVE  RESIN  SYSTEMS  (VL  MEASURED  PARALLEL  TO  FABRIC  PLIES) 
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COATING  THICKNESS  .micrometer 


COATING  PACK 

(METHOD  OP  SPECIMEN  PLACEMENT) 


Figure  10.  PLACEMENT  OF  SPECIMENS  IN  CHROMALLOY  CORP 
COATING  PACK 
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Figure  11.  RELATION  OF  COATING  THICKNESS  TO  PACK  POSITION 
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EDDY  CURRENT  RESPONSE  VS  TIME  IN  FURNACE  AT  2600#F 


CURRENT  RESPONSE  VERSUS  TIME  IN  FURNACE  AT 
?600  F  -  TZM  -  W-3 


EDDY  CURRENT  READING 


SECONDS  AT  3000#F-0.5  mm  Hg 


F.9v;r,  15  OVERS  aRC  TEST  ON  TZM  -  WO  SPECIMEN  COATING  THICKNE5!  AND  EDDY 
CURRENT  VERSUS  ACTUAL  LIFETIME  AT  3000°F,  0.05  mm  tig 


ALLOY  CHROMALLOY  -  W-3  COATING,  METALLOGRAPHY  AND  EDDY  CURRENT 
VERSUS  TIME  IN  FURNACE  AT  2600 -F 


EDDY  CURRENT  RESPONSE  VS  TIME  IN  FURNACE  AT  P600°F 


igure  17.  EDDY  CURRENT  RESPUNSE  VERSUS  TIME  IN  FURNACE 
AT  2600  F  !Cb  752  C.-T.-S.I 


TABLE  I 


SELECTED  SUBSTRATE-COATING  COMBINATIONS 


Substrate 

Supplier 

Coating  to  be  applied 

Coating  Vendor 

TZM 

(Mo-0.05Ti-0.1Zr) 

Universal 

Cyclops 

W-3 

Chromalloy 

Corporation 

Cb  752 

(Cb-10V/-2.5Zr) 

Union  Carbide 
(Stellite) 

Cr-Ti-Si 

TRW  Inc 

B-66 

(Cb-5V~5Mo-0. 1  Zr) 

Fansteel 

PFR-30 

Pfaudler  Corp 

TABLE  II 


NONDESTRUCTIVE  TECHNIQUES  SUGGESTED  BY  MATERIAL-ENERGY 
INTERACTIONS 

7_one  Variable  Tests  Available 

Coating  surface  zone  Texture,  continuity  Reflectometric  methods 

Microscopic  and  optical 

' _ methods _ 

Emissivity  Infrared  analysis,  optical 

reflectance 

Coating  subsurface  Density,  porosity,  Ultrasonic  velocity,  x-ray 

zone  thickness  uniform-  scatter,  electrical  resist- 

ity,  purity  ivity,  eddy  current  tests, 

infrared 

Elastic  modulus.  Ultrasonic  and  sonic 

ductility,  strength  techniques 

i 

-  ■  j 

Interfacial  zone  Bond  integrity,  Ultrasonic  attenuation, 

brittle  layers,  infrared  transmission 

laminar  flaws 

Thic'-ness  of  diff  Resistivity,  eddy  current 

' _ usior,  zone _  tests,  backscatter  techniques 

I  ■ 
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STRESS  WAVE  ANO  FRACTURE  OF  HIGH-STRENGTH  METALS 


G.  S.  Baker  and  A.  T.  Greer, 
Aerojet  General  Corporation 
Sacramento,  California 


INTRODUCTION 


The  emission  of  stress  waves  (acoustic  emission)  from  deforming 
materials,  Doth  metallic  and  non-metallic ,  has  been  known  for  many  years. 
Listening  by  ear  or  by  a  stethoscope,  many  investigators  have  used  this 
"noise"  to  recognize  the  nearness  to  fracture  in  tensile  tests  on  high- 
strength  metals.  In  latter  years,  attempts  using  mic-ophones ,  )  piezo¬ 

electric  transducers ,( 3)  and  accelerometers ( ^ >5 »o)  have  been  made  to  use 
these  stress-wave  emissions  to  detect  the  presence  of  growing  defects  in 
high-strength  metals  undergoing  cracking. 


(1) 


The  Aerojet-General  Corporation  has  developed  a  system  utilizing  a 
Stress-Wave  Analysis  Technique  (SWAT)  to  detect,  locate,  and  monitor  the 
growth  of  flaws  in  a  structure  under  load.  Energy  released  during  incremental 
extensions  of  the  flaw  is  detected  as  stress -waves  in  the  material.  These 
elastic-waves  travel  at  velocities  wnich  are  characteristic  of  the  particular 
material.  Each  sensor  attached  to  the  test  specimen  detects  the  wave  front 
at  a  different  time  depending  on  the  flaw's  distance  from  the  sensor.  The 
time  differentials  in  the  arrival  of  the  waves  at  the  sensors  are  used  to 
define  the  origin  of  the  waves  and  thus  locate  the  flaw. 


The  reduction  to  practice  of  the  SWAT  concept  and  system  development 
has  been  accomplished  during  the  past  five  years  on  various  Aerojet  programs. 
The  applications  to  metallics  followed  the  significant  development  that  had 
been  made  on  a  glass  laminated  material.  In  the  development  of  glass-filament- 
wound  rocket  motor  cases,  it  vras  noted  that  noises  were  emitted  by  the  cases 
during  pressurization.  A  research  program  determined  +hat  a  significant 
relationship  existed  between  these  noises  and  the  structural  integrity  of 
the  motor  case.  Ultimately,  a  stress-wave  detection  and  analysis  technique 
was  ueveioped  that  predicted  the  burst  strength  on  the  second  cycle  of 
pressurization  based  on  the  "Stress-Wave  Signature"  of  that  case  obtained 
during  the  proof  hydrotest.  Reference  (7)  provides  a  description  of  the 
results  of  the  technique  on  earlier  programs.  This  relationship  between  the 
noises  emitted  and  the  structural  integrity  of  the  case  has  been  explained 
in  terms  of  a  "fail. urea  per  unit  area"  concept. 

i*he  "failures  per  unit  area"  concept  is  based  on  a  premise  that  equal 
cross-sectional  areas  of  the  same  material  can  withstand  an  equal  number  of 
discrete  failures.  This  premise  is  applied,  basically,  by  measuring  the 
energy  rei.e*  ed  -ring  a  series  of  replicate  specimen  tests  and  relating  this 
value  t..  the  strer.gt:.  of  the  specimen.  Series  of  tests  provide  a  statistical 
basic  f.  r  the  estab  Lishrvnt  f  the  relationship  which  can  then  be  projected, 
by  im.pie  rati.-,  to  „t:.er  test  specimens  of  the  same  material. 


ng:.  the  situati  is  concept ively  somewhat  different  in  the  case 
mb'  so  (.,i:.gi-  flaw  as  a  failure  source  instead  of  a  statistical 
.  f  wak  areas  J  tue  application  of  SWAT  techniques  to  metal 
nr-  i *  fui  as  for  the  filament  wound  chambers. 
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The  application  of  SWAT  to  titanium  and  maraged  steel  motor  cases 
shoved  that  incremental  crack  growth  preceded  failure.  This  was  verified  in 
laboratory  tests  using  tensile  specimens  made  of  various  materials  containing 
inflicted  flaw's.  The  failure  in  all  specimens  preceded  by  distinct  stress- 
wave  emissions  as  the  flaws  increased  towards  a  critical  size.  However,  since 
the  distribution  of  stress-wave  emissions  preceding  failure  will  vary  with 
varying  material  properties  and  with  the  nature  of  the  flaw  resulting  in 
failure,  application  of  the  SWAT  techniques  to  metal  chambers  needs  an  under¬ 
standing  of  the  basic  mechanisms  of  stress-wave  emissions. 

The  present  paper  is  composed  of  two  parts:  1)  a  report  on  a  laboratory 
investigation  of  stress-wave  emission  in  small  stressed  steel  samples,  and 
2)  a  review  of  the  practical  application  of  SWAT  (acoustic  monitoring  techniques) 
to  the  detection  and  location  of  flaws  and  failure  origins  in  high-strength 
metal  chambers. 

II.  LABORATORY  INVESTIGATIONS 
A.  EXPERIMENT  PROCEDURES 

The  loading  system  employed  in  bend  tests  or  small  laboratory 
specimens  is  shown  schematically  in  Figure  1.  The  use  of  this  arrangement 
results  in  nearly  pure  bending  with  the  bending  moment  constant  over  the 
entire  test  length  of  the  specimen.  The  low  axial  load  (i.e.,  50  lbs  to 
produce  a  maximum  fiber  stress  of  100,000  psi)  results  in  nearly  all  the 
stored  elastic  energy  for  fracture  propagation  is  in  the  specimen  rather  than 
in  the  testing  machine  (i.e.,  the  specimen  is  soft  whereas  the  machine  is  hard). 
For  tests  with  precracks,  a  small  hole  was  drilled  in  the  center  of  the  sample 
and  a  fatigue  crack  initiated  in  cantilever  bending.  The  sample  size  is 
approximately  3"  x  3/1*"  x  1/8".  Thus,  the  samples  were  subscale  from  the 
fracture  mechanics  viewpoint. 

The  placement  of  the  accelerometer  in  these  laboratory  tests 
apparently  is  not  critical.  Tests  using  impacts  of  small  tungsten  pellets 
(vio~3  show  little  difference  in  amplitudes  as  a  function  of  accelerometer 
placement . 

The  output  of  the  accelerometer  is  amplified  and  fed  to  an 
oscilloscope  for  direct  viewing  during  the  test  and  recorded  on  tape  for 
later  playback  at  reduced  speed  and  oscillograph  recording. 

Table  I  siiows  yield  stress,  ultimate  stress,  ',5  elongation,  and 
W/A  for  the  major  materials  used  in  the  program.  The  fracture  toughness 
(W/A)  was  evaluated  using  precrack  Cha:qy  impact  specimens.  In  addition  to 
these  tests,  tests  were  made  on  a  b3k0  steel  tempered  from  100°F  to  111'.'°?. 

These  samples  were  1/lt"  thick. 
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b.  MI CROC RACK  FORMATION 

The  initial  tests  were  designed  to  determine  if  sources  other  than 
cracks  were  giving  detectable  stress-wave  emissions  and  to  establish  the  crack 
size  necessary  to  produce  detectable  stress-wave  emissions  at  the  O.Olg  level. 
This  level  of  sensitivity  was  chosen  as  the  highest  useable  in  a  practical 
chamber  test  due  to  background  noises.  The  testing  of  unflawed  samples  were 
interrupted  before  a  detectable  stress-wave  emission,  or  after  one  or  several 
□tress-wave  emissions.  The  sample  was  then  examined  metallographically  to 
determine  the  deformation  processes  not  resulting  in  a  stress-wave  emission 
and  the  size  limits  between  cracks  resulting  in  stress-wave  emission  and  those 
which  did  not  result  in  detectable  emission  at  the  sensitivity  level  used 
(O.Ulg).  These  tests  shoved  that  gross  plastic  deformation;  fracture  of 
inclusions,  small  fractures  corresponding  to  a  grain  dimension  in  length, 
and  the  small  amount  of  cracK  growth  accompanying  the  formation  of  the  plastic 
zone  at  the  crack  tip  of  a  fatigue  precrack  do  not  result  in  stress-wave 
emissions  at  the  O.Olg  level. 

Figure  2  represents  typical  cracks  which  did  not  result  in 
detectable  stress-wave  emission.  Figure  2a  shows  a  microcrack  nucleated  in 
a  dOO  grade  mar aging  steel  sample  by  an  intermetallic  inclusion.  The  crack 
has  terminated  with  only  minor  growth  in  the  metal  and  it  would  be  expected 
to  be  relatively  stable  upon  further  unidirectional  stressing.  The  estimated 
crack  area  in  less  than  10"°  in.^. 

Figure  2b  is  a  microcrack  (300  grade  18$  Nickel  maraging  steel) 
of  essentially  one  grain  size.  Again,  the  crack  is  expected  to  be  stable 
against  further  stressing  and  no  stress  wave  emission  was  detected. 

Figure  2d  is  a  somewhat  larger  stable  microcrack  (D6aC-600°F 
temper)  of  unknown  origin  (presumably  nucleated  by  an  inclusion).  Again,  no 
stress-wave  emission  was  detected  due  to  this  crack.  Crack  area  is  estimated 
at  Figure  2c  (DbaC-600°F  temper)  is  another  crack  nucleated  by  an 

inclusion  (the  thin  horizontal  line  in  the  figure).  The  crack  is  estimated 
to  be  slightly  less  than  10~5  in. 2,  pj0  stress-wave  emission  was  detected  due 
t>„  tr.is  crack. 

In  all  four  cases  shown,  the  crack  area  is  estimated  to  be  below 
id  in.",  and  the  cracks  are  stable  and  would  not  result  in  failure  of  a 
structure.  .hue,  with  a  level  of  sensitivity  of  O.Olg,  one  does  not  detect 
the  many  small  cue roe racks  due  to  fracture  of  single  grains  or  inclusions 
cracriuw  .'i*  tearing  away  from  the  metal  matrix. 

fomewhat  larger  cracks,  approaching  those  of  dangerous  dimensions, 
I-,  give  detectable  stress-wave  emissions.  Figure  3  shows  cracks  in  D6aC 
c  ezines  (r.  -°F  temper)  which  have  resulted  in  detected  stress-wave  emissions. 
Figure  :u  snows  a  size  view  of  a  crack  nucleated  by  a  thin  tape-like  inclusion 
-  ike  th  it  in  Figure  .  u.  The  initial  cracking  produced  a  purse  of  greater  than 
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O.lg  arid  subsequent  growth  under  continued  stressing  produced  several  pulses 
greater  than  O.Olg.  The  area  of  the  initial  crack  was  approximately  4  x  10"5 
in. Figure  3b  shews  a  crack  of  area  between  10"5  in.c  and  10“^  in.^ 
which  resulted  in  stress-wave  emission.  In  both  cases,  the  surface  of  the 
sample  (tension)  is  on  the  left. 


In  general,  in  these  materials  the  formation  of  a  crack  with 
area  greater  than  10" 5  in . ^  resulted  in  stress-wave  emissions;  formation  of 
a  crack  with  area  less  thar  10”5  in.2  did  not  result  in  detectable  stress-wave 
emission  (O.Olg  sensitivity).  The  material  type  or  heat  treatment  appears  to 
have  effect  on  the  type  of  microcracking  which  occurs,  but  no  major  effect  on 
the  size  of  crack  necessary  for  detectable  stress-wave  emission. 


C.  EXTENSION  OF  MACROSCOPIC  CRACKS 


Tests  were  carried  out  to  determine  the  amount  of  extension  of 
pre-existing  crack  necessary  for  the  appearance  of  detectable  stress-wave 
emission.  Samples  were  fatigue  precracked  and  then  stressed  till  the  detection 
of  one  or  several  stress-wave  emissions.  The  samples  were  then  either 
sectioned  and  the  crack  examined  metallographically  or  re  fatigued  to  complete 
failure . 


Figure  1  shows  fracture  surface  of  two  samples  (D6aC-10T5°F 
temper)  fatigue  pre-cracked,  tested  till  the  detection  of  stress-wave  emissions 
arid  then  refatigued.  The  area  of  crack  extension  during  the  unidirectional 
stressing  shows  up  as  a  light  area  in  Figure  1  and  is  too  small  to  distinguish 
in  Figure  la.  During  the  testing  of  the  sample  in  Figure  la,  1  pulses  less 
than  0.02g  were  detected.  In  the  test  of  sample  Figure  lb,  11  emissions 


between  O.Olg  and  0.02g  and  three  emissions  over  O.lg  were  detected.  The 
corresponding  areas  are  less  than  5  x  10"^  in.2  and  approximately  1  x  10-1+ 

in  2 


Figure  5  shows,  by  sectioning,  crack  extensions  in  samples 
(300  grade  l8/«  Nickel  maraging  steels)  tested  to:  Figure  5a,  no  stress-wave 
emission;  Figure  5b,  one  stress-wave  °  !  "•''on;  and  Figure  5c,  several  stress- 
wave  emissions.  In  these  materials,  t"  tigue  precracks  widen  witn  no 
extension  upon  initial  loading  and  then  narrow  cracks  nucleate  and  grow  at 
the  corners.  Stress-wave  emission  is  invariably  associated  witn  significant 
growth  of  these  cracks. 

The  behavior  of  DtaC  samples  is  similar  to  that  of  the  maraging 
steels.  Results  on  other  programs,  however,  have  shown  that  for  metals  with 
ductility  significantly  higher  than  the  200  grade  maraging  steel,  macroscopic 
subcritical  crack  growth  can  occur  without  stress-wave  emission  detectable  at 
the  O.Olg  level. 
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LTREik’.-WAVE  EMIUiilON  FROM  SAMPLES  TESTED  TO  COMPLETE  FRACTURE 

in  addition  to  investigations  of  the  source  of  the  initial  stress- 
wave  pulse  or  pulses  from  a  sample,  the  stress-wave  emission  from  subcritical 
crack  growth  in  samples  tested  to  complete  fracture  was  investigated.  Figure  6 
shows  the  load-time  (cross  head  travel)  curve  for  a  fatigue  precracked 
sample  (l)oaC-oUU°F  temper)  tested  to  fracture  at  room  temperature.  The 
initial  stress-wave  emission  occurred  at  point  A  during  the  tests.  Figure  7 
snows  typical  oscilloscope  traces  of  the  stress-wave  emissions  at  points  B, 

C,  D,  and  E  along  the  curve  of  Figure  6.  Each  trace  represents  one  second 
of  test.  The  recording  system  saturated  at  0.3g  so  the  largest  pulses  on 
oscilloscope  traces  represent  this  amplitude  or  higher  pulses.  Undoubtedly 
pulses  over  ig  were  present. 

Figure  b  shows  the  curves  of  the  total  number  of  stress-wave  pulses 
which  have  occurred  as  a  function  of  test  time  for  several  levels  of  amplitude 
for  the  Sfime  test  as  shown  in  Figure  6.  It  is  seen  that  as  the  crack  grows, 
not  only  the  total  number  of  stress-wave  pulses  increases,  but  their  rate  of 
occurrence  and  their  amplitudes  also  increase,  particularly  as  the  crack 
approaches  critical  size.  This  will  be  shown  again  more  strikingly  in  the 
applications  portion  of  the  paper. 

Tne  behavior  of  the  D6A1-1075°F  temper  and  the  maraging  steels 
is  similar,  although  number  and  amplitudes  of  stress-wave  emissions  depends 
strongly  on  material  condition.  This  was  shown  strikingly  by  a  series  of 
tests  or.  ijAo  steel  samples  tempered  between  100°F  and  1100°F.  Figure  9 
gives  the  total  numoer  of  pulses  of  amplitude  greater  than  O.lg  before 
fracture  as  a  function  of  temper  temperature.  Figure  10  shows  the  spread 
in  load,  (stress)  between  the  initial  pulse  and  the  fracture  load.  For  low 
temper  temperatures  (brittle  samples)  little  oi  no  subcritical.  crack  ^-owth 
. o  :urs  one  none  or  only  a  few  stress-waves  are  emitted.  The  generation  of  a 
stress-wave  requires  crack  growth.  At  intermediate  temper  temperatures  (in 
range  where  the  material  is  normally  used)  significant  subcritical  crack 
growth  occurs  at  stresses  well  below  the  failure  load  and  many  stress-waves 
are  emit  tea.  At  signer  temper  temperatures,  the  subcritical  crack  growth 
sti ...  occurs  tut  at  a  lower  stress  and  anparent.ly  in  smaller  steps.  The 
c:u  .  1 1 u.iv  of  tne  sfrvss-wa ves  emitted  uecreases  drastically  and  the  number 

-a  _  f  .  V .  J*  ...  _  *  j.\  « 

. '-v  re.  • •  sts  on  tne  Lead  steeds  were  run  with  the  load  recording 
sys*.  •  m  set  f  r  extreme iy  sensitivity  in  an  attempt  to  correlate  load 

;r  ;  :ra.a.  gr.  wtn  stej  s )  wit:,  specific  acoustic  emir cions.  Figure  11  shows 
..  is-cr.  ssnea-i  extension  ourv-  -aa  schematioaJ  ly  the  acoustic  emission 
f  r  a  r*  interval  ar  maximum  load  of  such  a  test.  Although  one  con 
•  .a*  •-  .  f  * .ar,-  ar  astir  emissions  with  load  drops,  not  all  large 

s  c  ate  wit:.  ..a:  drops .  From  this,  one  cun  calculate  an 

r  :  a  •*  .a.  ar-  a  .  f  -rack  gg..vth  responsible  for  a  specific 
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£  nThe  load  sensitivity  is  such  that  a  crack  growth  step  of 
2  x  10”  in.^,  would  be  detected  as  a  load  drop.  This  means  that  those  acoustic 
pulses,  some  as  large  as  lg,  not  correlated  with  a  detectable  load  drop  are 
caused  by  crack  growth  steps  less  than  2  x  10“°in.^  in  area.  Comparing  this 
value  with  the  minimum  crack  area  or  crack  extension  area  (approximately 
10~5in,2)  necessary  to  produce  a  detectable  (O.Olg/  stress-wave  pulse  and  the 
average  area  per  pulse  in  large  scale  subcritical  crack  growth  (also  10-5in.2) 
one  sees  that  the  majority  if  crack  growth  occurs  in  steps  too  small  or  too 
slow  to  produce  detectable  (.O.Olg)  stress-wave  emission.  Presumably  heteroge¬ 
neities  and  the  statistical  nature  of  their  distribution  apparently  ensure  the 
presence  of  one  in  a  crack  surface  area  of  the  order  of  10“5in.2. 

Ill .  APPLICATIONS 

A.  NASA  -  FEASIBILITY  PROGRAM 

Based  on  the  successful  use  of  SWAT  on  the  glass-filament  wound 
cases  and  the  demonstration  of  stress-wave  emission  from  flawed  metal  samples, 
NASA  sponsored  a  program  for  the  investigation  of  the  applicability  ol  SWAT 
towards  preventing  failures  during  hydrotests  of  the  260-incn  diameter  motor 
cases ( 2 ‘ .  In  conducting  this  program,  stress-wave  data  recordings  were 
obtained  during  the  manufacturing  proof  tests  of  various  rocket  motor  cases 
and  also  from  laboratory  tests  of  tensile  specimens  with  pre-induced  flaws. 

1.  Tensile  Specimen  Tests 

Tensile  specimen  tests  on  200  grade  18%  Nickel  managed  steel 
demonstrated  the  significance  of  SWAT.  Specimens,  designed  in  accordance  to 
ASTM  requirements  for  valid  fracture  toughness  measurements,  with  precrack 
surface  flaws  (Figure  12),  were  tested  under  a  constantly  rising  uniaxial  load 
to  a  point  near  failure  and  then  unloaded  when  critical  stress-wave  emissions 
were  observed.  Figure  13  "Stress-Wave  Emissions  vs.  Load,  Interrupted  Test 

of  Specimen  217",  shows  a  typical  . -s-wave  emission  pattern  versus  time  from 

t:.e  first  loading  cycle  of  the  specimen,  and  the  second  loading  cycle  carried 
to  failure.  This  specimen  failed  or.  the  second  cycle,  at  a  lower  lead,  than 
that  sustained  during  the  first  cycle.  This  data  was  obtained  by  recording 
stress-wave  emissions  with  an  accelerometer-tape  recorder  system  and  then  play¬ 
ing  the  data  back  through  a  level-recorder  to  display  each  wave  as  a  single 
peak  on  the  strip  chart. 

Figure  lL  shows  the  cross-section  view  through  the  flaw  in 
a  tensile  specimen  tested  to  a  load  release  point  in  one  cycle.  After  the 
test,  the  specimen  was  baked  to  heat-tint  the  gross  cracked  area,  then  saw- 
cut  part,  through  the  broken  in  bending  while  conditioned  and  exposed  at  -J20°F 
—  liquid  nitrogen  temperature  —  in  order  to  preserve  the  marking  of  the  stable 
crack  growth  that  had  occurred  during  the  initial  tensile  loading  cycie.  The 
flaw  grew  through  approximately  90%  of  the  thickness  of  this  specimen. 
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L.:a iur  specimens  wulch  varied  only  in  the  size  of  the 
i..iliu  i  :  rack  flaw  produced  stress-wave  results  as  displayed  in  Figure  15. 

here,  ■-■■tor,  stress-wave  is  represented  by  a  vertical  line.  Observation  of  crack 
growtu  art  is  and  o  r.j-arison  of  the  number  of  stress-waves,  gave  a  basis  for 
•:,-■  "failures  per  unit  area"  ..uncept  in  the  homogeneous  materials.  Specimens 
identical  material  with  smaller  cross-sectional  areas  have  fewer  stress- 
wave.;  before  failure.  In  fact,  relationships  between  stress-wave  emissions 
".tid  incremental  crack  growth  are  being  defined  in  various  research  programs 
at  this  time,  references  6  through  11  present  the  published  results  of  some 
v.  f  tile  work  to  date . 

u.  Motor  Case  Tests 


Figures  xO  and  IT  show  the  instrumentation  locations,  and  a 
detailed  di awing  of  tne  weld  seam  and  defects  that  initiated  the  failure  of  a 
re  '-inch  diameter  chamber.  This  chamber  failed  in  hydrotest  due  to  undetected 
defects.  The  failure  report  (Reference  12)  notes  that  "During  the  post  failure 
inspection  of  welds,  eleven  defect  areas  were  found  that  had  not  been  evident, 
or  not  rejectabie,  by  the  applicable  standards  prior  to  hydrotest."  The 
investigating  committee's  report  also  stated  "all  applicable  NDT  inspection 
tecnn.iques  mus*:  be  utilized  since  no  single  one  is  infallible,  — "and  "it 
appears  possible  to  have  submerged  defects  within  welds  that  are  not  detectable 
by  :JDT  methods  now  available."  The  material  used  in  this  chamber  was  250  grade 
-Lei  nickel  managed  steel  fabricated  by  the  submerged  arc  welding  technique, 
dot  .-  that  prior  to  failure,  two  stress-waves  had  originated  in  the  general 
area  of  fracture  initiation. 

during  this  program,  b<VAT  was  applied  in  a  series  of  pressur- 
: cation  tests  on  rocket  motor  eases  of  AMS  255  steel  which  had  been  rejected 
by  tneir  manufacturers  as  unsal capable  due  to  gross-porosity  in  the  weld  seams. 
The  oh:  mbers  were  JViAT  tested  in  order  to  obtain  stress-wave  data  from  growth 
of  natural  manufacturing  defects  such  as  weld  porosity.  These  rejected  cases 
r  ur  r  ed  the  design  strength  levels  ve»-„  satisfy  verily  and  were  finally  burst 

at  _  jsures  very  close  to  design  ultimate,  between  repeated  pressurization 
tests ,  to  inciear ing  pr.csuro  levels,  radiographs  taken  of  area,  of  maximum 
.. ‘  ness-  :ave  act  i. ■/  y  barely  shewed  the  interactions  between  the  pores  °s  miner 

0 r:tJ r  LI'.f*  . 


Stress-waves  were  recorded  in  each  of  these  tests  with  the 
!\  meter-tup  e  recorder  system.  Minimum  signal  resolution  was,  in 
•  ,x»>units.  The  A M.'  o5  chambers  tested,  with  gross  poro’ity,  had 
-v;aVv  act :  v  1  ty  fr-m.  tn-  failure  source,  prior  to  failure,  than  any 
•  rs  out"  :. 
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B. 


SUMMARY  OF  CHAMBERS  TESTED 


Table  II  presents  a  listing  of  a  number  of  pressure  vessels  which 
have  been  proof  or  burst  pressure  tested  with  SWAT  applied.  Table  III  shows 
the  SWAT  established  location  of  failure  for  a  series  of  chambers  as  compared 
to  the  origin  defined  met allurgic ally .  The  SWAT  technique  was  first  applied 
on  6A1-4V  titanium  motor  cases  as  a  means  of  locating  the  primary  origin  of 
failure.  Successful  results,  together  with  the  observation  that  stress-wave 
emissions  preceded  failure,  led  to  application  of  the  technique  on  other  pro¬ 
grams  . 


One  program,  on  4130  steel  chambers ,  was  conducted  to  establish 
whether  the  technique  might  be  applied  as  a  real-time  process  control  during 
structural  testing.  A  s  'ies  of  tests  were  automatically  terminated,  after 
crack  growth  had  initiated  but  prior  to  complete  specimen  failure,  by  utiliz¬ 
ing  the  stress-wave  data  as  the  control  input. 

In  all  chambers  which  were  tested  and  failed,  stress-wave  emission, 
from  the  failure  source,  was  detected  prior  to  complete  destruction  of  the 
specimen. 


Through  the  use  of  the  triangulation  capability,  the  stress-waves 
preceding  failure  and  at  failure  were  used  to  define  the  primary  failure 
origin.  The  distance  from  the  stress-wave  located  origin  to  the  metallurgi- 
cally  defined  origin  of  failure  is  listed  in  Table  III.  The  largest  vehicle 
which  failed  during  a  test  with  SWAT  applied  was  the  250  grade  lQ%  Nickel, 
maraged  steel  260-inch  diameter  large  solid  rocket  motor  case.  Stress-wave 
sensors  were  located  approximately  192  inches  apart  during  this  test.  The 
stress-wave  defined  origin  of  failure  was  12  inches  from  the  metallurgically 
defined  origin. 

C.  NASA  -  ALUMINUM  ALLOY 

The  type  of  stress-wave  activity  detected  during  flaw  growth  in 
crack  induced  tensile  specimens  of  2014-T6  aluminum  alloy  is  shown  in  Figure  18 
A  view  of  the  fracture  surface  of  two  aluminum  tensile  specimens  is  shown  in 
Figures  19  and  20.  These  specimens  were  loaded  in  constantly  rising  uniaxial 
load  and  after  large  amounts  of  stress-wave  emission,  or  crack  opening  displace 
ment,  was  observed,  the  load  application  was  interrupted  and  the  specimen 
cycled  in  high-frequency  fatigue.  This  was  done  to  extend  the  present  be  or  dary 
anu  thus  provide  a  surface  marking  relating  the  amount  of  slow  crack  to  t:  ..t 
particular  amount  of  stress-wave  activity  (Reference  13). 
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D. 


NON -DESTRUCTIVE  TEST  ADJUNCT 


The  fact  that  flaws,  of  any  size,  can  remain  undetected  during  NDT 
inspection  procedures  is  the  Justification  for  the  use  of  SWAT.  The  area 
located  by  stress-wave  emission  data  can  be  intensively  scanned  with  a  greater 
degree  of  probable  success  than  previously  available.  The  fact  that  SWAT  is 
basically  a  passive  NDT  process,  in  that  the  defect  must  grow  in  order  to 
propagate  a  stress-wave,  is  a  distinct  advantage  in  its  application  to  long¬ 
term  tests  or  in-service  use  on  va^ous  vehicles. 

We  know,  sna  refer  you  to,  Part  I  of  this  paper,  that  stress-wave 
emissions  can  and  do  occur  from  growth  of  flaws  that  are  considerably  smaller 
than  the  size  that  can  be  detected  by  the  best  and  most  discerning  NDT  inspec¬ 
tion  techniques  heretofore  available.  This  means  that  incremental  flaw  growth 
can  be  sensed  at  levels  considerably  smaller  than  the  "critical  sizes."  If 
the  original  defect  is  already  sufficiently  large  as  to  be  detectable,  NDT 
inspection  should  readily  detect  it.  If  it  cannot  be  located,  the  specimen 
may  still  be  structurally  sound;  however,  that  particular  portion  of  the 
specimen  should  be  more  closely  observed  during  future  use.  In  all  tests  to 
date,  on  engineering  materials,  we  have  never  witnessed  flaw  growth  proceed¬ 
ing  directly  to  specimen  failure  without  stress-wave  emission  during  the 
defect  extension  process. 

E.  SWAT  SUMMARY 

Figure  10  diagrammatic ally  represents  the  applied  SWAT  system. 

The  research  or  laboratory  system  comprises  sensors,  amplifiers,  tape  recorder 
and  display  items.  Specif. >  pieces  of  instrumentation  are  selected  in  order 
to  satisfy  various  objectives  or  needs.  For  use  in  manufacturing  areas,  the 
SWAT  system  is  comprised  of  sensors,  amplifiers,  data  acquisition  sub-systems, 
stress-wave  analyzers,  and  display  items.  The  stress-wave  analyzer  operates 
on  the  stress-wave  data  inputs  and  provides  as  output  the  location  of  the 
defect  either  printed  or  as  geometric  display  in  real -test-time . 

We  are  currently  using  SWAT  systems  and  techniques  in  two  arras 
of  prime  concern.  The  first  is  as  an  adjunct  to  non-destructive  test  inspec¬ 
tion  techniques  employed  after  manufacturing  processes.  In  this  application, 
SWAT  provides  complementary  information  regarding  the  structural  integrity  :f 
a  manufactured  article.  The  total  absence  ui  stress-wave  emissions,  during  a 
proof  pressure  test,  for  instance,  provide;  the  highest  degree  of  confidence 
in  the  structural  reliability  of  the  part. 


Stress-wave  indications  during  these  tests  do  not  necessarily 
mean  rejection.  Through  the  capability  to  triangulate  to  the  stress-wave 
origin,  NDT  inspections  are  greatly  assisted.  The  inability  of  the  NDT 
inspection  to  locate  the  flaw  means  that  it  is  still  smaller  than  the  limiting 
sensitivity  of  the  system.  If  a  large  flaw  is  found,  however,  it  may  mean 
the  difference  between  success  or  failure  of  the  part. 

The  second  use  of  SWAT  is  through  techniques  associated  with 
materials  research  programs  described  in  Part  I  of  this  paper  and  in 
References  9  through  11.  We  are  hopeful  that  relationships  developed  during 
these  material  research  studies  will  enable  us  to  assess  the  degree  of 
structural  degradation  to  a  manufactured  item  prior  to,  or  during,  its  useful 
life. 

ACKNOWLEDGEMENTS 

The  investigations  reported  under  Part  II  "Laboratory  Investiga¬ 
tions"  were  conducted  under  the  sponsorship  of  the  U.  S.  Air  Force 
Materials  Laboratory,  Research  and  Technology  Division  Contract 
AF  33 (615) -5027. 


REFERENCES 


Acoustic  Emission  From  Metals.  Its  Detection,  Characteristics  and 
Sou rc e :  b.  ii.  Schofield,  Proceedings  of  the  Symposium  on  Physics  and 
Nondestructive  Testing,  p.  63  (Soutnwest  Research  Inst.  1963) 

Determination  of  the  Driving  Force  for  Crack  Initiation  from  Acoustic 
Records  of  G(.  Tests  on  High  Strength  Metals  for  Rocket  Motor  Castings; 

H.  E.  Romine,  NWL  Report  1770;  U.  S.  Naval  Weapons  Lab.,  4  October,  1961. 

Crack  Initiation  in  Metallic  Materials,  Q.  Rept .  1  June  to  30  Nov.  1965; 
V.  Weiss,  G.  Krause,  C.  Chave,  Jr.,  G.  Marchetto.  Q.  Rept.  1  Dec.  1965 
thru  I’d  Feb.  19b0,  V.  Weiss,  G.  Krause,  G.  Marchetto;  N0w-65-0355-d, 
Report  Hi. 

Christensen,  R.  H.,  Cracking  and  Fracture  in  Metals  and  Structures, 
Proceedings  of  the  Crack  Propagation  Symposium,  Vol.  II,  p.  326, 

Gran field,  Eng.  1961. 

Green,  A.  !'.,  Lockman,  C.  S.,  Brown,  S.  J.,  and  Steele,  R.  K., 

Feasibility  Study  of  Acoustic  Depressurization  System,  NASA  0R-55W2 
March  19 bo. 


Crimmins,  I’.  P.,  Hartbower,  C.  E.,  and  Gerberich,  W.  W., 

Characterization  of  Fatigue -Crack  Growth  by  Stress-Wave  Emission, 

Final  Report,  NASA-Langley  Research  Center,  June  1966. 

Steei,  R.  K.,  Green,  A.  T.,  an.d  Lockman,  C.  S.,  "Acoustic  Verification 
of  Structural  Integrity  of  POLARIS  Chambers",  Society  of  Plastic 
Engineers  20th  Annual  Meeting,  Atlantic  City,  New  Jersey, 

27-30  January  1964. 

Gerberich,  W.  W. ,  Hartbower,  C.  E.,  Feasibility  Study  for  Measuring 
Fat iguc-Crack  Growth  Rate  in  Welded  HY-80  Steel  Using  Stress-Wave 
E::d  ss  i  on ,  l'Ji»-NoOU(  io7  )-b4934(  X)  (FBM)  July  1966. 

Hurt  rower,  C.  2.,  Gerberich,  W.  W.,  Mechanism  of  Slow  Crack  Growth  in 
Kij-n  Gfrengt.n  Steel,  AF  3i( 0.15  )-2786 ,  February  1966.  " 

Aerojet- General  Corporation  Special  Report  l-408l-01-5 .4-001 
i  cvney  Plant,  .’f  r-'CS-Wave  Analysis  of  Lunar  Excursion  Module  (LEM)  Tanks 
inring  ir.^:'  -and  burst  Tests,  13  December  i960. 

Jte.-ie,  R.  ...,  '.reeu,  A.  T. ,  anu  Lockman,  C.  S. ,  Acoustic  Monitoring 
iij  irctest  s  ,  Weiu  Imperfections  Symposium,  Lockheed,  Palo  Alto, 


Defer.  rices  (eont.) 


Srawley,  J.  K. ,  'ind  Ds^nr,  J.  B. ,  "Investigation  of  Hydrotest  Failure 
of  Thiokol  Chemical  Corporation  260-inch  Diameter  f’L-1  Motor  Case", 
NASA  TMX-1191*,  .fan nary  l‘6t. 

Green,  A.  T.,  et  uj. ,  G‘  .-ess-Wave  Detection,  Saturn  G-il,  NASA  CR-6I1C 
December  19bb. 


MATERIALS  CHARACTERIZATION 


STRESS-WAVE  ANALYSIS  TECHNIQUE 
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SWAT  IjUCATION  UK  KAlIITiiKS 
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Figure  2.  Cracks  not  resulting  in  stress  wave  emission 
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a.  D6aC-600°F  Temper  (  375X) 


b.  DoaC  -hOO*  r  Temper  (375X) 


Figure  t.  Cr.icks  resulting  in  stress  wave  emission 
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D6aC -6C0 *F  Te 
Sample  D-l-27 


Figure  6.  Load-time  curve  for  D6aC-600°F  sample.  Initial  stress  wave  at  point  A. 


Figure  7. 


Oscilloscope  traces  from  Points  A,  B,  C,  and  D 
on  the  load-time  curve  of  Figure  b 
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Figure  8.  Number  of  stress  wave  pulses  as  a  function  of  time  for  sample  of  Figure  6 


HARDNESS,  ROCKWELL  C 


Figure  9  Number  if  Pulses  Preceding  F;  ioture  as  a  Function  of  'Tempering 

Temperature  for  Free  racked  ^31*0  Samples 
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Figure  10  Load  at  Initial  Pulse  and  Failure  L^ad  for  fame  Pet  of  Samples  as  Figure  o 
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•  Accelerometer 

o  518,5  Circle  of  uncertainty  and  onssure  (psi)  at  stress 
wave  initiation  co¬ 


locations  of  accelerometers  and  stress  wave  origins  on  260  inch 
diameter  Sl-1  motor  case. 


Figure  16 


■ 


in  Odiil  in  the  immediate  vicinity  of  the  primary  and  seonday  origins.  Inset  sketches  show  shapes  and 
dimensions  ot  the  two  orig.ns. 


Map  of  fracture  paths  as  viewed  when  looking  at  inside  surface  developed  onto  plane 
obtained  by  unrolling  cylinder.  Arrowheads  indicate  directions  of  fracture  propagation 


Figure  l7 
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Legend: 


a  •  Machined  edge  notch 

b  -  Tension-tension  fatigue  pre-crack 

c  -  Single  cycle  tensile  crack  extension 

d  -  Tension-tension  fatigue  crack  extension  (1000  cycles) 

e  -  Single  cycle  tensile  crack  extension 

f  -  Tension-tension  fatigue  crack  extension  (1000  cycles) 

g  -  Tensile  crack  extension  (IS  cycles) 

h  •  Tension-tension  fatigue  crack  extension  (1000  cycles) 

i  •  Tonsile  crack  extension  (5  cycies)--foilure  occurred  on  fifth  cycle 

j  -  Plane-strain  fracture  area 

k  •  Shear  lips 


Fracture  Surface  of  Single  Edge  Notch  Specimen  No.  7 


Figure  19 


Legend: 


o  -  Electricol  Discharge  Machining  Notch 
b  •  Bending  fatigue  precrack 
c  •  Single  cycle  tensile  crack  extension 
d  -  Bending  fatigue  crack  extension 
e  -  Single  cycle  tensile  crack  extension 
f  -  Bending  fatigue  crack  extension 
g  •  Plane- strain  fracture  area 
h-  Shear  lips 


Fracture  Surface  of  Part-T^ru  Crack  Specimen  Nc. 


Figure  20 


63 
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Figure  21.  Schematic  representation  of  the  SWAT  system 


CORRELATION  OF  TESTING  WITH  JERvlCE  BEHAVIOR 


W.  C.  Wake 


Rubber  and  Plastics  Research  Association 
of  Great  Britain 
SHAWBURY  SHREWSBURY 
ShroDshire,  U.  K. 


i  -  Introduction 


This  communication  surveys  aspects  of  work  on  testing  and. 
ageing  actively  pursued  in  the  RAPRA  laboratories.  It  may  also  be 
regarded  as  an  interim  report  on  a  planned  20  year  storage  and  test 
programme  which  is  now  in  its  ninth  year.  This  programme  is  concerned 
with  the  rate  of  deterioration  of  rubber  components  which  are  not 
stressed,  except  for  one  case  of  permanent  compression,  but  stored 
unstressed  in  three  climatically  differing  locations.  The  conventional 
accelerated  tests  by  over,  ageing  at  various  temperatures  and  high  as 
well  as  normal  ever,  humidity,  were  carri.i  out  at  the  commencement  of 
the  programme  and  it  is  nev:  p  ssibie  to  compare  actual  performance 
over  7y  years  ( the  latest  cate  for  which  results  are  available)  with 
the  predictions  of  accelera u-od  ageing. 


The  known  iisadv mtages  of  leer  oven 


carried  out  in  a  multi-coil  tvre  oven,  have  led 


s-g,  ever,  wnen 
attempts  to 

introduce  stress  relaxation  measurements  to  real  . re  or  supplement 
conventional  tensile  nensurenf -ts  before  and  after  accelerated  ’geir  g. 
Commercial  apparatus  for  tills  purpose  capable  cf  insertion  in  trio  ceils 
of  a  multi-cell.  over,  became  available  after  tine  2C  yo- r  i.*‘>in,g 
programme  had  ct-rted.  Replicate  compound,  were,  therefore,  .v. ie  and 
their  stress  relaxation  behaviour  followed.  An  attempt  was  m  ...ic  tc 
investigate  the  rod atir. .m. ip  between  structure  -i  i  s trourth  for  natural 
rubber  vu  Icaais;  tea  and  nice  t  probe  more  dec;  ly  i  nto  the 
relationship  between  stress  reiaxatlo  ;  an  i  strongtn  changes  for  t.aese 
materials.  This  wait;  iso  iss.odi  te  bc-irlnr  on  hi;..-  interpret- tier,  of 
accelerated  tests.  ,*c::cm lly  mi  Justifies  ref-ronco  to  It. 


-  6b  • 


The  fourth  section  of  the  paper,  before  the  brief  concluding 
section,  considers  the  possibility  of  predicting  the  life  of  a  rubber 
component,  not  from  ageing  tests  on  unstressed  test  pieces,  but  from 
the  time  to  break  of  a  test  piece  on  which  a  load  is  hung. 

Acceleration  is  attained  either  by  exaggerating  the  load  or  elevating 
the  temperature,  preferably  both,  and  considering  whether  the  required 
life  will  come  within  a  reasonable  fraction  of  an  indicated  life 
extrapolated  to  the  estimated  temperatures  and  loads,  if  extrapolation 
is  necessary.  This  work  is  speculative  and  the  results  so  far  obtained 
are  fragmentary. 


2 _ -  Stress  Relaxation  as  a  Test  Method 


Stress  relaxation  measurements  as  a  means  of  obtaining 
insight  into  the  changes  which  occur  in  the  network  of  a  vuloanizate 
were  first  described  in  1944  by  Tobolsky,  Prettyman  and  Dillon'  . 
Briefly,  measurements  of  the  continuous  relaxation  of  stress  give  a 
quantitative  measure  of  the  degradative  reactions  occurring  by 
oxidative,  hydrolytic  or  thermal  mechanisms,  and  intermittent  stress 
relaxation  an  indication  of  total  changes.  RAPRA  work  has  extended 
the  finer  theoretical  interpretations 2~6  and,  for  the  use  of  the 
services,  considered  in  detail  the  interpretation  and  use  of  the  method 
to  displace  or  supplement  other  accelerated  ageiuag  procedures^.  As 
most  academic  vrork  on  stress  relaxation  has  been  concerned  with  gum 
vulcanizates  it  is  necessary  to  recall  that  the  effect  of  atructure- 
building  fillers,  such  as  carbon  black  and  silica  do  not  interfere 
with  most  stress  relaxation  measurements5. 

Effect  of  Fillers:  Measurements  were  made  with  black-filled  natural 
rubber  .aid  S?R  peroxide  cured  vulcanizates  in  vacuo  and  in  air,  both 
at  1dO°C.  50  pphr  cf  HAP  black  caused  little  or  no  increase  in 
relaxation  in  vacuo  when  compared  with  the  natural  rubber  gum  stock 
but  markedly  decreased  the  relaxation  apparent  in  an  SBR  gum  stock. 

For  intermittent  relaxation,  which  in  the  apparatus  used^  is  measured 
at  the  end  of  a  20  second  period  of  extension  following  the  2  seconds 
during  which  extension  occurs,  experiments  were  nade  with  a  recorder 
having  .a  10  seconds’  response  time  to  full  deflection.  After  this 
period  no  decay  of  .  tress  was  observable  showing  that  any  relaxation 
due  to  the  black  occurred  within  the  10  seconds'  response  time  of  the 
apparatus  arid  that  the  presence  of  black  does  not  make  intermittent 
measurements  impossible  though  their  interpretation  is  less  clear. 

It  is  well-known  that  the  tensile  set  can  be  calculated  from 
me  '.3ure3er.tr  of  inter  Lttent  and  continuous  relaxation  by  means  cf  the 
t .v  notw.  rk  theory.  3  . -in  calculations  have  been  made  for  black  loaded 
r-.atur  l  rubber  vulcanise  res  and  confirm  that  loading  with  fillers  has 
-•  ’I  effect  or.  tne  stress  relaxation. 
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Silica  loaded  rubier  was  found  free  of  any  complicating 
physical  relaxation  process  but  did  interfere  to  3ome  extent  with 
intermittent  but  not  continuous  relaxation.  A  possible  explanation 
i3  that  a  limited  number  of  active  sites  exist  on  the  particle  surface 
to  which  cut  chains  can  chemisorb. 

Correlation  with  Conventional  Oven  Ageing:  figures  1  and  2  show  the 
correlation  obtained  by  plotting  the  loss  of  stress  f ter  20  hours 
continuous  relaxation  at  100°C  against  the  loss  in  tensile  strength 
after  1 A  days  oven  uceing  at  70°C  (Figure  l)  and  3  days  at  100°C 
(Figure  2)  for  natural  rubber  vulcanizates.  The  data  define  fairly 
satisfactorily  pairs  of  correlation  curves,  one  for  the  gum  and  one 
for  the  hilled  vulcanizates,  A  number  of  comments  are  appropriate. 
Tensile  strength  measurements  on  aged  stocks  can  3hcw  considerable 
scatter  and  examination  of  the  data  leaves  no  doubt  that  many  of  the 
deviations  arise  from  p^or  strength  measurements.  For  example,  1  in 
both  figures  refers  to  a  low  sulphur  thiuram  cure  and  2  to  a  sulphurlesc 
black-filled  compound.  Roth  should  be  good  heat-ageing  materials  as 
correctly  indicated  by  the  stress  relaxation  measurements  but  not  by 
the  tensile  strength.  Additionally,  it  is  not  clear  why  the  filled 
vulcanizates  should  lie  on  a  different  correlation  curve  from  the  gum 
vulcanizates  nor  why  vulcanizates  loaded  with  HAF  black  and 
precipitated  calcium  carbonate  should  lie  on  the  same  cur/e. 

In  discussing  these  correlations  it  has  been  argued7  that 
only  continuous  stress  relaxation  should  be  considered  and  that  the 
principal  use  for  concomitant  measurements  of  intermittent  stress 
relaxation  is  the  detection  of  undercured  vulcanizates. 


3  -  Interim  Results  from  the  20  Year  Ageing  Programme 


Outline  of  Programme-*:  During  1956  compounds  from  a  range  of  rubbers 
were  prepared,  packed  into  specially  manufactured  copper-free  aluminium 
containers  arranged  to  allow  free  circulation  of  air,  similarly  packed 
in  crates  and  replicate  packages  were  (i)  held  in  a  temperature 
controlled  laboratory  at  Shnwbury,  (ii)  dispatched  to  a  hot,  wet 
location  at  Cairns  in  Western  Australia,  Oil)  dispatched  to  a  hot, 

Iry  location  at  Cloncurry  also  in  Western  Australia.  The  containers 
were  co  packed  and  arranged  that  a  complete  set  of  test  pieces  could 
be  withdrawn  by  withdrawing  a  single  crate.  Figure  3  shows  the  layout 
of  each,  box  containing  test  pieces,  carefully  spaced  on  aluminium 
wires  wit1,  ceramic  separators,  for  a  range  of  tensile,  set,  resilience 
and  other  t<.'ts,  Tin'  solo  stressed  test  piece  was  a  *.i29"  lift,  ring 
s"  thick  with  •  V"  din.  nole  an i  compressed  25$  by  nut,  bolt  and 
rr  shorn . 
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Correlation  between  Storage  and  Accelerated  Ageing 

Natural  Rubber;  The  standard  tyre  tread  compound  A  drops  in  tensile 
strength  somewhat  over  the  7 2  years,  though  erratically.  The  erratic 
shape  obtained  when  strength  is  plotted  against  time  bears  no  relation 
to  figures  obtained  by  accelerated  ageing  at  70°C.  Accelerated  ageing 
at  70'^C  with  100?o  RH  is  more  severe  than  the  dry  ageing  whereas  the 
shelf  ageing  at  Cairns  differs  little  from  that  elsewhere.  The  good 
ageing  compound  B  3hows  constant  tensile  results  up  to  56  days  ct  70cC 
and  up  to  tne  ?'.  years  at  all  three  sites.  The  accelerated  ageing  at 
10 CfiC  BJi  gives  very  irregular  results  and  does  cause  a  fall  to  about 
8C%  of  the  original  strength.  It  is  obvious  from  this  short  recital 
that  apart  from  showing  that  B  is  superior  in  ageing  to  A,  the 
accelerated  ageing  tensile  teats  have  yielded  little  information  from 
widen  the  extended  behaviour  could  be  predicted.  Hardness  measurements 
show  compound  A  to  harden  gradually  to  n  small  extent  over  the  7}  years 
but  accelerated  ageing  gives  constant  readings  for  7»  li-  and  26  days  at 
7QcC,  anl  shows  a  steady  fall  with  100£  RH.  There  is,  therefore,  no 
relation  between  oxton ied  behaviour  and  accelerated  ageing. 
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Similarly  for  the  good  ageing  compound  B,  the  small,  erratic  chances 
in  the  measured  hardness  over  the  7f;  years  contrast  with  the  steady 
rise  in  accelerated  ageing  at  JO0  and  82°C  and  at  J0°C  with  10C%  BH, 

The  simpler  and  more  rapidly  obtained  assessment  by 
continuous  stress  relaxation  contrasts  A  with  3  by  showing  that  the 
latter  re  iUires  io  times  ns  many  hours  at  100°C  to  lose  i  'Jfo  of  stress. 
Since  the  decay  of  stress  is  approximately  proportional  to  log  (time) 
a  better  figure  of  comparative  merit  is  probably  the  ratio  of  the 
logs,  namely,  2.25. 

Compression  Set  (CS)  and  Extended  Time  Set  (ETS):  Of  particular 
interest  is  the  comparison  between  the  compression  set  (24  hours  at 
70°C,  lubric- ted  plates,  vD  minutes  recovery)  and  the  c  mpression 
found  after  stor  go  over  the  years  with  25%  compression.  This 
situation  corresponds  to  a  gasket  stored  in  situ  or  an  oil  or  liquid 
seal  held  in  position  in  store  without  movement.  Three  points  are 
of  interest;  the  nature  of  the  systematic  changes  which  occur  and 
the  extent  to  which  the  initial  compression  set  can  predict  either  the 
compression  set  after  ageing  cr  select  these  rubbers  which  will  show 
greatest  recovery  from  extended  time  compression.  The  latter  two 
points  are  easily  disposed  of.  There  is  no  correlation  to  be  found 
in  the  present  series  of  experiments  either  for  a  single  rubber  or 
over  a  range  of  rubbers  as  can  be  realised  from  Table  2  which  gives 
results  obtained  initially  and  at  the  conclusion  of  the  first  year's 
exposurelO.  Tne  figures  quoted  are  for  10  minutes  recovery  before 
measurement.  (Standard  practice  changed  in  1963  and  30  minutes  is 
now  accepted  as  recovery  time.  Fortunately  initial  compression  set 
figures  ird  10,  HO  and  60  minutes  recovery  noted.) 

Table  2  Comparison  of  Initial  and  1  Year  Compression  Sex 


Compound 

H 
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CS 

ETS 

CS 

ETS 
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The  systematic  changes  which  occur  in  the  compression  set 
of  compound  A  are  shown  in  Figure  4-  The  consistency  of  the  pattern 
gives  confidence  that  the  changes  are  real  and  it  is  particularly 
noteworthy  that  the  accelerated  ageing  shows  the  same  general  pattern, 
exaggerated  when  the  humidity  is  high.  The  least  severe  ageing 
condition  also  reproduces  the  final  rise  shown  by  the  more  moderate 
storage  place.  The  curing  system  employed,  CB8/S,  is  not  an 
exceptionally  efficient  system  ar.d  at  the  conclusion  of  the  normal 
time  of  vulcanization  it  is  probable  that  there  are  still  polysulphic 
crosslinks  which  react  further  with  rubber  hydrocarbon  during  the 
earlier  period  of  ageing  quite  apart  from  any  oxidation  phenomena. 

This  would  account  for  the  initial  rise  in  compression  set,  When  this 
intramolecular  rearrangement  slows  down  or  ceases,  compression  set 
then  falls  and  subsequent  changes  reflect  oxidative  behaviour. 

Compound  A  may,  in  fact,  be  slightly  undercured. 

The  extended  time  set  is  irregular,  possibly  slight 
variations  in  actual  compression  exaggerate  variation  due  to  other 
causes  but  the  general  trend  is  that  of  a  set  of  about  55$  after 
1  year  increasing  o  85$  after  7 j  years  in  the  warmer  climate  but 
remaining  steady  iu  the  controlled  atmosphere  at  Shawbury. 

The  behaviour  of  the  good  ageing  compound  B  shows  patterns 
not  quite  so  consistent,  as  is  apparent  from  Figure  5,  However, 
with  the  exception  of  storage  at  Caims,  the  effect  of  both  storage 
or  oven  ageing  is  ultimately  to  reduce  the  rather  large  compression 
set  substantially  and  this  can  only  be  due  to  a  combination  of  cross¬ 
link  lability  and  oxidative  crosslinking.  This  receives  support  from 
the  reduction  in  swelling  shown  by  the  vulcanizate  in  benzene,  one  of 
the  many  properties  checked  in  this  programme.  Swelling  is  reduced 
to  50$  of  the  unaged  value  by  ageing  56  days  at  70°C  and  100$  HH  or 
60$  at  82°C  whilst  storage  produces  less  marked  reductions.  The 
oxidative  contribution  will  be  mere  marked  in  storage  whereas  thermal 
lability  of  (poly) sulphide  links  will  influence  the  oven  ageing  more. 

The  drop  i3  greater  on  prolonged  storage  and  is  therefore  oxidative. 

The  generally  good  ageing  properties  seem  therefore  to  stem  as  much 
from  the  ability  of  the  vulcanizate  to  form  further  crosslinks  as 
well  as  from  the  slower  rate  of  ahain  scission  shown  by  stress 
relaxation. 

This  increased  formation  of  crosslinks  on  ageing  adversely 
affects  the  performance  of  the  vulcanizate  under  continuing  compression. 
The  extended  time  compression  set,  although  irregular,  increases 
generally  in  all  three  storage  3ites  to  values  of  7C$  at  Shawbury 
and  92$  at  Cloncurry.  This  behaviour  of  a  compound  chosen  for  good 
heat  ageing  should  be  carefully  noted;  it  is  characteristic  of  the 
curing  system  used. 
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Styrene  Butadiene  Rubber:  The  general  purpose  compound  E  shows 
constant  tensile  strength  at  Shawbury  and  Cloncurry  and  in  accelerated 
ageing  at  82°C.  At  Caims  the  tensile  strength  drops  by  11$.  In 
ovsn  ageing  at  100°C  the  strength  falls  37 $  in  28  days.  The 
elongation  at  break  drops  in  all  three  storage  places  and  in  all 
accelerated  procedures.  The  hardness  rices  in  all  places  in  the  7 \ 
years  about  the  same  amount  and  roughly  equivalent  to  14  days  at 
100°C  o_  50  days  at  82°C. 

The  good  ageing  compound  F  keeps  its  tensile  in  all  three 
locations  and  ageing  at  82°  or  100°C  produces  negligible  change.  The 
accelerated  tests  reduce  the  elongation  at  break;  for  example,  at 
100°C  only  44$  of  the  original  elongation  remains  after  56  days.  The 
hardness  similarly  increases  mol's  in  over  the  56  days  of  the 
accelerated  ageing  than  during  the  7?  years  of  storage.  Nevertheless, 
the  changes  are  both  uniform  and  in  the  same  direction  and  could  be 
scaled. 


Continuous  stress  relaxation  measurements  show  the  greater 
rate  of  chain  (or  crosslink)  scission  of  the  general  purpose  compound 
and,  as  with  the  natural  rubber  compounds,  the  ratio  of  the  log  (time) 
for  loss  of  50$  stress  gives  a  figure  for  the  relative  merits  of  the 
twc  compounds.  It  is  1 .6.  For  these  compounds  intermittent  stress 
relaxation  measurements  were  made  for  the  first  10  hours  and  these 
figures  suggest  that  there  is  little  to  choose  between  the  added 
crosslinking  of  the  two  compounds  which  occurs  on  ageing.  The  superior 
properties  of  the  good  ageing  compound  arise  therefore  from  the  slower 
rate  of  scission  which,  since  the  polymers  are  the  same,  suggests 
that  it  is  the  sulphur  crosslinks  which  are  the  points  of  scission. 
Further  work  would  be  required  to  remove  these  remarks  from  the 
realms  of  mere  speculation. 

It  is  reasonable  to  summarise  the  situation  by  stating  that 
changes  in  tensile  properties  found  by  accelerated  ageing  are 
paralleled  by  the  storage  over  the  period  examined. 

Compression  Set  and  Extended  Time  Set:  Changes  in  compression  set 
with  time  seem  erratic  whilst  the  oven  ageing  leaves  it  virtually 
unaltered  except  where  10C$  RH  is  employed.  This  causes  an  immediate 
increase  from  ?.7  to  12,5  with  compound  E  and  from  8.3  to  17.6  followed 
by  a  fall  with  compound  F.  The  accelerated  ageing  tests  give, 
therefore,  no  information  relevant  to  the  behaviour  of  the  rubbers 
when  stored  in  the  three  locations.  The  extended  time  set  also  shows 
erratic  changes  which  .are  not  correlated  with  the  change  in  compression 
sot  measured  at  the  same  time  on  a  rubber  stored  without  stress.  The 
ETS  generally  inoreases  to  60-70$  over  the  7y  years  for  compound  E  and 
rattier  less  for  compound  F. 

Butyl  Rubber:  Two  compounds,  J  and  K  were  designed  for  general 
purpose  end  good  ageing  respectively.  J  was  formulated  with  a  rubber 
of  relatively  high  unsaturation  (Butyl  301 )  and  compounded  with 
FEF  black  and  cured  with  MBT/rifr/S . 


K  was  formulated  with  a  rubber  of  relatively  low  unsaturation 
(Butyl  lOO)  wit’:  IIAF  black  and  a  curing  system  involving  MBTS/S  and 
p-quinone  dioxime.  This  was,  of  course,  before  the  introduction  of 
the  resin  curing  system  which  would  certainly  have  been  preferred  had 
it  been  available. 

The  tensile  strength  of  the  general  purpose  rubber  increases 
slowly  in  all  three  locations  by  12-g$  over  the  72  years  whilst 
accelerated  ageing  strength  remains  constant  up  to  14  days  after 
which  the  70°C,  IOC $  EH  test  pieces  increase  by  12^$  whilst  the 
100°C,  dry  test  pieces  move  erratically  ending  in  56  days  with  a  l6$ 
decrease.  The  elongation  at  break  remains  remarkably  steady. 

By  contrast,  the  good  ageing  compound,  after  a  period  of 
steady  behaviour  for  3?  years  falls  10$  in  the  two  more  severe 
locations.  This  behaviour  is  paralleled  in  the  accelerated  tests, 
the  fall  being  10$  at  70°C,  10C$  EH  but  much  more  severe  at  100°C  in 
which  there  is  no  steady  period  before  the  fall  and,  after  56  days, 
one-third  of  the  strength  has  been  lo3t.  The  "good  ageing"  rubber 
th  '-efore  behaves  worse  than  the  general  purpose  rubber  in 
accelerated  ageing  and  loses  10$  strength  in  7l  years  storage  compared 
with  the  gain  of  1  2^a  by  the  general  purpose  rubber.  It  is  natural 
to  enquire  the  reason  for  this  behaviour. 

In  the  first  place,  a  very  efficient  crosslinking  system 
was  used  for  compound  J.  Both  sulphur  itself  and  a  sulphur  donor 
(TMT)  were  available  for  reaction  with  the  accelerator  and  with 
adequate  isoprene  residues  in  the  polymer.  Swelling  of  this 
vulcanizate  in  benzene  showed  an  increase  of  111$  and  samples  stored 
ovei'  the  7*  years  did  not  change  from  this  figure.  No  antioxidant 
was  added  to  the  compound,  although  there  is,  of  course,  some  in  the 
polymer  before  mixing.  The  ageing  behaviour  would  be  expected  to 
follow  the  pattern  of  a  polyisoprene  sulphur  cured  rubber  though 
more  slowly  because  of  the  much  lower  solubility  of  oxygen. 

The  good  ageing  compound  used  a  curing  system,  the 
mechanism  of  which  is  unknown  but  presumably  acts  In  two  ways.  The 
MBTS/S  crosslinks  the  relatively  fewer  unsaturated  centres  and  the 
PQD  links  the  isobutene  part  through  methyl  groups  in  the  same  way  as 
a  peroxide  system  works.  In  the  first  place,  the  MBTS/S  is  a  less 
efficient  system  than  the  MET/TMT/S  system  used  for  the  general 
purpose  rubber.  It  can,  therefore,  be  expected  that  the  average 
sulphur  content  of  the  crosslinks  formed  will  be  higher,  the  bond3 
therefore  more  thermally  mobile  and  possibly  more  susceptible  to 
oxidation.  Recent  work’1  has  shown  that  the  isoprene  residue  is  far 
more  reactive  toward  oxidative  attack  than  its  relatively  low 
concentration  would  suggest. 

The  swelling  of  K  in  benzene  was  slightly  greater  than 
that  of  J  (131$  instead  of  111$)  showing  a  lower  crosslink  density. 
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Accelerated  ageing  at  82oc  reduced  this,  suggesting  a  redistribution 
of  sulphur  with  some  new  crosslinks  formed.  The  initial  period  of 
ag-'Lng  at  100°C  produced  a  similar  reduction  in  swelling  but-  between 
28  and  56  days  oxidation  had  increased  the  swelling  to  its  initial 
value.  The  higher  swelling  of  K  in  benzene  compared  with  J  is  in  line 
with  initial  compression  set  which  for  K  is  11%  and  J,  8$.  K 
undoubtedly  is  less  well  crosslinked  than  J  in  that  there  are  fewer 
crosslinks  and  some  of  these  probably  polysulphidic. 

The  extended  time  compression  set  similarly  shows  the 
general  purpose  J  to  advantage  compared  with  K,  the  latter  showing 
about  10%  greater  set  in  all  three  locations.  Lastly,  stress 
relaxation  measurements,  shown  in  Figure  6,  show  the  rate  of  change, 
presumably  due  to  oxidation,  very  closely  the  same  whilst  initial, 
mainly  bond  rearrangement,  changes  in  the  first  hour  (not  shown  on  the 
log  plot)  operate  to  the  detriment  of  the  "good  ageing"  compound. 

To  sum  up.  The  curing  system  used  for  the  rubber  of  lower 
unsaturation  has  negatived  any  advantage  which  the  lower  unsaturation 
might  have  shown.  On  the  whole  the  accelerated  ageing  tests  predict 
this  behaviour. 

Butadiene-Acrylonitrile  Rubbers ;  Compounds  P  and  R  comprised  two 
anrylonTtHTerirbbers^F^^rand  35%  acrylonitrile  content 
respectively.  They  also  differed  in  that  the  general  purpose  compound 
P  was  cured  with  the  relatively  inefficient  MBTS/S  system  and 
compound  R,  the  "good  ageing"  compound  with  a  CBS/TMT  system.  The 
two  compounds  were  of  the  same  hardness  and  modulus  (30C%)  but  R  was 
stronger  than  P  and  more  extensible.  Unfortunately,  owing  to  tne 
different  polymers  it  is  not  possible  to  estimate  the  relative 
crosslinking  from  the  relative  swelling  in  benzene. 

The  general  picture  of  property  changes  with  ageing  for 
both  rubbers  is  one  of  general  hardening,  an  increase  in  crosslinking. 
The  strength  of  compound  P  rises  on  accelerated  ageing  but  remains 
constant  in  storage.  The  strength  of  R  falls  on  accelerated  ageing 
but  rises  slightly  in  storage.  Compression  set  is  reduced  for  both 
rubbers  by  accelerated  ageing  at  82°C  and  100°C,  the  greatest 
reduction  being  during  the  first  7  days.  The  change  during  storage 
is  much  less  marked  and  the  good  ageing  rubber  actually  increases 
its  compression  set  during  storage  at  Cairns,  the  hot,  wet  site,  a 
change  which  is  not  shown  by  accelerated  ageing  at  70°C  and  100%  RH. 

The  extended  time  set  is  less  for  the  good  ageing  rubber  than  for 
the  general  purpose  rubber,  at  least  up  to  5£  years. 

Continuous  stress  relaxation  (figure  7)  shows  R  to  relax 
at  a  very  much  slower  rate  indeed  than  P.  Since  this  test  eliminates 
the  effect  of  added  oxidative  or  other  crosslinking,  this  implies 
that  chain  scission  is  very  much  le°3.  The  ageing  charges  shown  by  R 
must,  therefore,  be  caused  almost  entirely  by  additional  crosslinking 
and  since  modulus  and  hardness  increase  less  than  P,  its  susceptibility 
to  oxidative  changes  is  much  less. 
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This  is  not  brought  out  clearly  in  the  accelerated  ageing  tests  with 
physical  property  changes  because  these  are  relatively  insensitive 
where  hardening  takes  place.  There  is  no  real  indication  in  the 
usual  tensile  and  hardness  tests  that  compound  R  will  resist 
oxidation  so  very  much  better  than  P  but  the  stress  relaxation 
results  offer  proof  that  this  is  so. 

Silicone  Rubber;  This  compound  was  based  on  a  slightly  unsaturated 
dimethyls ilicone  gum  filled  with  silica,  coloured  with  ferric  oxide 
and  cured  with  2,4  dichlorobenzoyl  peroxide.  Accelerated  ageing  at 
82°C  gives  a  10$  increase  in  strength  during  the  first  7  days  which 
is  retained  thereafter.  At  100°C  irregular  behaviour  disguises  a 
slight  rise.  Swelling  in  benzene  indicates  that  there  is,  in  fact, 
very  little  change  in  crosslinking.  At  all  three  storage  sites 
there  is  an  increase  in  strength  of  25$  during  the  first  year  and  a 
3 low  climb  to  an  overall  increase  of  37%  over  7a  years.  It  should  be 
noted  that  this  change  is  not  accompanied  by  change  of  swelling  in 
benzene  and  cannot  arise  from  post  curing  by  residual  peroxide.  The 
hardness  too  shows  little  change  but  the  elongation  at  break  drops 
during  accelerated  ageing  but  not  during  storage.  The  general 
picture  suggested  by  these  changes  is  that  the  network  does  not  change 
in  density  during  storage  but  is  a  slightly  different  one  to  that 
formed  initially.  Accelerated  ageing  adds  to  the  peroxide  formed 
crosslinks  some  formed  by  post  curing  or  reaction  with  unsaturated 
centres.  In  storage  these  additional  links  may  also  be  formed  but 
these  only  compensate  some  chain  scission  which  continuous  stress 
relaxation  shows  to  occur  linearly  with  log  (time). 

Compression  Set  and  Extended  Time  Set:  The  curing  system  provides 
direct  carbon- to-carbon  crosslinks  and  these  are  not  labile  bonds. 

The  compression  set  is,  therefore,  very  low,  about  1$  and  is  only 
increased  by  the  longer  periods  of  ageing.  Storage  does  not  change 
it,  an  expected  result  from  the  discussion  above.  Extended  time  set, 
as  usual,  increases  over  the  years,  though  erratically,  to  about 
55%. 


It  is  apparent  that  the  relatively  small  changes  which  take 
place  on  prolonged  storage  are  incorrectly  predicted  by  the  usual 
tensile  tests  except  where,  as  for  hardness,  no  change  occurs. 


4  -  Time-to-Fe.ilure  Studies 


Conventional  ageing  studies  are  made  on  unstressed  test 
pieces;  in  continuous  stress  relaxation,  the  test  piece  is  stressed 
tiiroughout  the  toot,  the  strain  being  held  constant  and  the  stress 
falling.  The  third  alternative  is  to  maintain  the  stress  constant 
tiiroughout  the  ageing  period. 
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A  convenient  approximation  to  this  condition  is  to  keep  the  load 
constant  and  record  the  time  to  break.  Such  a  test  can  be  regarded 
as  an  accelerated  test  of,  for  example,  an  0-ring  which  is  fitted 
with  a  small  strain  or  some  load  bearing  device  in  which  stress 
cannot  decay.  Acceleration  is  obtained  in  two  ways;  by  increasing 
the  load  and  by  increasing  the  temperature. 

It  is  difficult  to  understand  why  this  third  alternative 
has  not  received  more  attention.  Values  associated  with  catastrophic 
events  are  usually  more  widely  scattered  than  other  parameters; 
tensile  strength  is  more  variable  than  modulus  and  impact  strengths 
of  rigid  materials  are  well-known  to  be  widely  distributed.  Recent 
advances  in  statistical  method  associated  with  E.  J.  Sumbel^  suggested 
to  the  writer  that  these  extreme  events  might  be  more  handlable  by 
U3ing  doubly  exponential  distributions.  It  was  this  possibility 
which  led  to  the  initiation  of  this  programme  of  work  although,  in 
the  event,  the  only  failure  times  for  which  replicates  have  been 
obtained  are  closer  to  r.  normal  or  to  a  square  distribution  than  they 
are  to  the  double  exponential. 

However,  the  logs  of  means  of  groups  of  results  obtained 
with  a  resin-cured  butyl  rubber  are  plotted  in  Figure  8  against  the 
reciprocal  of  the  absolute  temperature  of  the  test.  As  is  seen, 
reasonably  straight  lines  are  obtained  but  longer  term  experiments 
will  be  necessary  before  extrapolation  to  lower  temperatures  is 
feasible.  The  lines  are,  very  roughly,  parallel  but  those  at  lower 
extensions  must  curve  towards  the  temperature  axis  with  temperature 
fall  as  it  is  difficult  to  believe  that  butyl  rubber  will  last 
20,000  years  under  zero  load  at  room  temperature  .'  Estimation  of 
life  at  a  moderate  load  giving,  say,  200%  extension  does  seem  feasible 
and  if  more  is  known  about  the  distribution  of  failure  times  it  should 
be  possible  to  quote  a  ^  life  with  a  given  probability  that  a  fixed 
proportion  of  test  pieces  will  survive  this  time.  For  the  load 
corresponding  to  20C%  initial  extension,  this  seems  to  be  about 
16  hours  for  the  compound  used.  An  alternative  use  for  data  of  this 
sort  is  to  specify  a  maximum  load  which  the  component  is  to  sustain 
for  a  given  time. 
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Conclusions 


The  prediction  of  the  properties  after  long  term  storage  in 
tropical  and  other  locatior.3  is  particularly  important  in  service 
applications.  If  the  initial  properties  are  a  reasonable  basis  for 
judgment  that  a  rubber  i3  capable  of  doing  a  certain  job  then  the 
properties  after  storage  are  an  equally  good  guide  to  see  if  it  is 
still  serviceable. 
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How  long  the  rubber  will  last  actually  doing  the  job  depends  on  its 
deformation.  This  may  require  actual  simulation  to  determine  or  it 
may  be  possible  to  assume  the  effect  of  deformation  trivial  compared 
with  the  effect  of  the  environment. 

During  the  brief  survey  which  has  been  given  of  the  20  year 
ageing  programme,  the  nature  of  the  curing  system  has  repeatedly  come 
forward  in  explanations  of  the  changes  in  properties.  Knowledge  of 
the  curing  system  is  essential  if  even  an  attempt  is  to  be  made  to 
predict  long  term  properties  from  initial  tensile  properties  and  the 
same  properties  after  ageing.  The  following  conclusions  seem  to  come 
from  this  wo  lie: 

(1)  Unless  there  is  interest  in  analysing  the  reasons  for  given 
changes,  there  seems  little  point  in  determining  intermittent 
as  well  as  continuous  stress  relaxation.  If  a  single  figure 
of  merit  is  wanted  for  a  compound's  ability  to  resist  ageing 
it  is  the  time  (or  log  time,  to  lose  50$  stress.  This  figure 
is  far  less  subject  to  uncertainties  than,  for  example, 
tensile  strength  after  ageing.  The  whole  series  of  tensile 
properties  determined  for  the  natural  rubber  compounds  do 
very  little  other  than  show  that  compound  B  i3  better  than 
compound  A. 

(2)  Tensile  properties  which  change  considerably  during 
accelerated  ageing  cannot  be  used  to  predict  changes  during 
storage. 

(3)  Compression  set  changes  in  accelerated  ageing  of  natural 
rubber  follow  the  same  pattern  as  those  which  occur  during 
storage  but  as  the  magnitude  differs,  prediction  is  not 
possible. 

(if)  Compression  set  as  normally  measured  bears  no  relation  at 
all  to  the  set  shown  on  compression  throughout  the  storage 
period.  This  Extended  Time  Set  is  large  even  after  only 
1  year  even  with  rubbers,  such  as  silicone  rubber,  which  show 
very  small  normal  compression  set.  It  al3o  increases  with 
time  and  many  rubbers  in  the  20  year  programme  are  expected 
to  show  100$  compression  set  after  10  years.  It  may  be  that 
100$  set  will  be  approached  but  never  attained  and  that  the 
sealing  of  gaskets,  etc.  is  satisfactory  provided  that  some 
recovery  power  exists.  It  seems  more  probable,  however,  that 
low  set  over  a  long  period  of  time  is  not  a  necessary  property 
of  gaskets. 
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■orrelation  of  Tensile  Strength  With  Stress  Relaxation  After 
.4  Days  at  70 *C. 


Correlation  of  Tensile  Strength  With  Stress  Relaxation  After 
3  Days  at  100 #C. 
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Results  of  Compound 


001 


Fig.  6  Stress  Relaxation  of  Butyl  Rubber  Compounds. 


Stress  Relaxation  of  Nitrile  Rubbers 


>s  on  curves  show 
extension  caused  by 


Groups  of  Stress  Relaxation  Test  Results  of  Resin-Cured 
Butyl  Rubber. 


NONDESTRUCTIVE  TECHNIQUES  FOR  SEGREGATING  20MM  MACHINE 


GUN  BARRELS  HAVING 


LOW  IMPACT  PROPERTIES 


3.  H.  Rodgers 

U.  S.  Army  Materials  Research  Agency 
Watertown,  Massachusetts 


INTRODUCTION 

A  study  of  the  results  of  examinations  conducted  on  fractured  20rrun  machine  gun 
barrels  that  had  failed  in  field  service  and  while  undergoing  cold  room  tests  led 
to  the  following  conclusions: 

1#  The  failed  barrels  had  low  impact  properties. 

2.  The  sharpness  of  the  radii  at  the  root  of  the  locking  threads  was  a 
contributing  factor  to  these  brittle  type  failures. 

3*  A  nondestructive  means  of  segregating  inferior  or  slac.k-quenched  bar¬ 
rels  from  the  many  in  use  and  in  storage  required  immediate  development. 

Our  laboratories  undertook  to  develop  such  a  nondestructive  test.  This  study 
covers  the  work  performed  by  the  various  laboratories  during  the  feasibility  in¬ 
vestigation  and  the  metallurgical  studies  conducted  during  the  development  and 
adaptation  type  tests  for  the  examination  of  these  barrels,  as  well  as  work  per¬ 
formed  in  field  segregation  tests.  Studies  were  conducted  to  determine  the  uni¬ 
formity  of  chemical  composition,  mechanical  properties  and  heat  treatment  through¬ 
out  the  entire  length  of  several  representative  barrels  and  similar  data  obtained 
in  the  failure  area  of  the  remaining  weapons  were  tabulated  for  evaluation  with 
the  results  of  magnetic  and  ultrasonic  attenuation  tests. 
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'■‘aterials 


The  correlation  study  which  I  will  discuss  with  you  today  involves  a  large 
quantity  of  20mm  machine  gun  barrels.  >fumerous  failures  in  field  service  and 
also  during  cold  room  tests  prompted  a  complete  evaluation  by  our  laboratories 
into  the  mechanical  and  metallurrical  properties  of  these  barrels. 

Visual  Examination 


Visual  examination  of  the  fractured  surfaces  and  bore  sections  of  the  barrels 
was  conducted  to  determine  the  mode  of  failure,  type  of  fracture,  and  the  effect 
of  sendee  upon  the  progressive  stress  damage  in  the  origin  of  rifling  area, 

These  studies  confirmed  the  observations  that  the  origin  of  failure  was  located 
in  the  sharp  radii  at  the  root  of  the  barrel-locking  lugs  as  clearly  shown  in 
Figure  1.  Further  examination  of  these  barrels  revealed  no  evidence  of  progres¬ 
sive  stress  damage,  and  the  appearance  of  the  fractures  was  typical  of  those 
found  in  other  brittle  steels.  Hence  it  was  tentatively  concluded  that  the 
failures  were  classic  fractures  initiated  by  a  sharp  notch  at  the  locking-lug 
root  radii.  Figure  2  shows  a  typical  fatigue  crack  originating  at  the  undersized 
root  radius  of1  the  locking  lug. 

'icrostructure  Examination 


.i  microstructure  examination  was  conducted  by  utilizing  an  electrolytically 
polished  spot  on  the  outside  surface  of  the  barrel  and  comparing  the  results  ob¬ 
tained  with  results  of  studies  conducted  at  radial  locations  on  a  transverse 
plane  in  the  same  barrel  area.  This  study  was  conducted  to  determine  if  such  a 
nondestructive  surface  microexamination  would  indicate  the  microstructure  through¬ 
out  the  wall  of  the  tube.  From  this  data  it  was  determined  that  a  surface  micro- 
examination  would  not  be  indicative  of  the  properties  at  any  other  location  with¬ 
in  a  slack-quenched  barrel. 

Chemical  Analysis 


Chemical  analyses  showed  that  representative  results  varied  only  slightly 
and  was  considered  satisfactory  and  should  have  been  capable  of  producing  the 
desired  properties  and  micrcstructure  with  proper  heat  treatment. 

Vcchanical  Properties 


Transverse  and  longitudinal  mechanical  properties  of  the  barrel?  were  deter¬ 
mined  by  taking  specimens  from  the  breech,  midsection,  and  muzzle  end  of  several 
barrels.  The  geometry  of  the  barrel  required  the  use  of  subsize  transverse 
srecimens  in  most  instances,  but  it  was  possible  to  obtain  standard  V  notch  charpy 
imact  srccinens  at  the  breech  end  of  each  barrel.  Although  all  property  values 
varied  from  one  end  of  the  barrel  to  the  other,  the  most  conspicuous  difference 
was  <'ound  in  the  transverse  iroact  values.  Tensile  and  inpact  values  were  deter¬ 
mined  in  tv  area  of  the  barrel  where  fracture  was  most  likely  to  occur.  Results 
of  barrel  tou'hness  will  be  discussed  later  in  this  talk. 
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Uetallographic  Examination 

'fetallographic  exair, ination  revealed  that  many  of  the  barrels  were  slack- 
quenched,  resulting  in  undesirable  tempered  nonmartensitio  products  in  the  micro- 
structure.  This  study  also  proved  that  the  microstructure  at  the  surface  of  the 
barrels  was  not  representative  of  the  microstructure  found  near  the  bore.  Figure  3b 
shows  the  satisfactory  microstructure  containing  tendered  martensite  with  a  small 
amount  of  tempered  low-temperature  bainite  and  Figure  3a  the  unsatisfactory  micro¬ 
structure  containing  ferrite  end  tempered  high  temperature  bainite.  This  second 
condition  not  only  occurred  near  the  bore  of  many  barrels  but  also  in  some  cases 
near  the  surface.  Figure  it  illustrates  the  relation  of  impact  strength  and  micro¬ 
structure  as  found  in  this  particular  examination. 

Nondestructive  Testing 

Having  determined  the  metallurgical  and  mechanical  properties  of  the  barrels, 
it  was  now  necessary  to  provide,  if  possible,  a  nondestructive  method  for  segreg¬ 
ation  of  unacceptable  barrels  from  those  of  acceptable  quality.  A  magnetic  test 
which  provided  a  rapid  means  of  detecting  variations  in  the  magnetic  and  electrical 
properties  of  ferromagnetic  materials  caused  by  differences  in  their  physical  and 
metallurgical  characteristics,  was  chosen  for  the  initial  screening  operation. 

The  reason  for  this  selection  was  because  of  the  known  sensitivity  of  the  magnetic 
response  to  the  surface  layer  of  material  being  tested,  and  the  fact  that  in  the 
fractured  barrels  examined  the  origin  of  the  failure  was  located  at  the  surface. 


The  Hag,  etic  Test 

Utilizing  a  magnetic  conrarator  type  of  instrumentation,  with  two  test  coils, 
the  unit  was  balanced  at  the  desired  current  settings  with  the  coils  empty.  The 
presentation  on  the  screen  displayed  only  a  straight  line  showing  that  the  unit 
was  in  balance.  Two  standards  of  good  quality  were  placed  respectively  in  the  test 
coils.  Any  slight  difference  in  the  two  barrels  used  for  standards  was  compensated 
for  by  the  balancing  knobs  on  the  instrument  proper.  Now  many  variables  will  ef¬ 
fect  the  electrical  imbalance  of  the  unit;  chemical  variations,  hardness,  geometry, 
surface  conditions,  discontinuities  and  heat-treat  conditions  all  tend  to  effect 
the  sensitivity.  Fortunately,  for  the  purpose  of  the  problem  at  hand,  most  of 
these  variables  were  eliminated.  The  chemical  analyses  were  very  close,  and  the 
hardness  varied  only  a  few  points.  Geometric  conditions,  as  well  as  surface  finish 
were  pretty  exact,  and  these  conditions  simplified  the  sorting  problem  considerably. 
One  standard  barrel  is  left  in  its  appropriate  coil  and  the  screening  may  then 
commence.  Any  difference  in  the  electrical  and  magnetic  properties  of  the  two  bar¬ 
rels  under  test  caused  an  electrical  imbalance  between  the  coils,  and  a  resultant 
signal  was  observed  on  the  screen.  Figure  $  shows  indications  of  the  signal  from 
a  relatively  tough  barrel  and  of  a  brittle  barrel  respectively.  In  our  screening, 
only  the  signal  amplitude  was  taken  into  consideration.  The  proper  rejection  level 
was  obtained  from  previous  laboratory  studies  of  over  one  hundred  barrels.  The 
magnetic  test  values  of  these  barrels  bad  been  correlated  and  plotted  against  chappy 
V  notch  impact  values  obtained  at  liO°C.  Examination  of  this  plot  revealed  that  of 
all  the  barrels  examined  which  showed  magnetic  teat  values  of  less  than  10  on  the 
screen  scale  used,  only  one  tube  had  an  inract  value  of  less  than  the  required 
five  foot-pounds,  Onlv  three  barrels  exceeding  the  rejection  level  of  10  on  the 
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magnetic  scale  had  impact  values  slightly  greater  than  five  foot-pounds.  On  the 
basis  of  this  data,  it  was  decided  to  reject  any  barrel  showing  a  magnetic  reading 
of  10  or  above.  Hpon  evaluating  these  results  with  microstructure  studies,  it  was 
decided  that  any  barrel  rejected  by  the  magnetic  test  would  al30  be  rejectable  by 
microstructure.  The  determination  was  also  made  that  due  to  the  surface  nature  of 
the  magnetic  test,  and  the  extreme  variance  in  the  microstructure  throughout  the 
barrel  wall,  it  would  be  advisable  to  subject  the  magnetically  accepted  barrels  to 
further  tests  more  penetrating  in  nature  in  order  to  insure  rejection  of  possible 
border-line  cases.  It  should  be  noted  that  since  the  magnetic  test  is  only  sensi¬ 
tive  to  the  surface  layer  of  metal  (shallow  penetration),  a  correlation  between  the 
magnetic  readings  and  the  surface  irdcrostrueture  should  be  expected.  This  correl¬ 
ation  was  found  to  exist.  Barrels  having  martensitic  structures  in  the  outside 
surface  area  gave  very  low  magnetic  readings  while  those  with  ferritic  structures 
on  the  outside  surface  gave  very  high  magnetic  readings.  Those  with  baiuite  gave 
readin-s  of  intermediate  value.  Since  the  barrel  fracture  initiated  at  the  outer 
barrel  surface,  it  was  essential  that  a  martensitic  microstructure  exist  in  this 
ar^a  if  crack  initiation  was  to  be  minimized.  The  magnetic  conparator  has  been 
demonstrated  to  be  capable  of  detecting  microstructural  differences  in  steel,  but 
only  with  relatively  shallow  penetration  from  the  outer  surface.  The  instrumen¬ 
tation  had  been  adjusted,  with  the  appropriate  standards,  so  that  only  barrels 
which  contained  approximately  90,1  martensite  and  low  temperature  bainite  near  the 
outer  surface  would  be  accepted]  all  others  would  be  rejected.  Since  the  percen¬ 
tage  of  martensite  diminishes  from  the  outer  surface  to  the  bore,  this  procedure 
is  valid,  barrels  rejected  by  this  test  were  placed  in  category  C  and  were  given 
no  subsequent  testing.  However,  of  the  barrels  accented  by  the  magnetic  test, 
some  would  have  little  resistance  to  crack  propogation  because  of  upper  bainitic 
and  ferritic  microstructures  in  the  inner  two-thirds  of  the  barrel.  Hence,  these 
barrels  were  tested  with  an  ultrasonic  attenuation  test. 

The  'fltrasonic  Attenuation  Test 

The  mechanism  of  ultrasonic  absorption  or  attenuation  in  steel  is  an  involved 
f unction  of  many  factors;  however,  as  the  frequency  rises  to  the  high  megacycle 
range,  the  Predominating  factor  may  become  one  of  scattering,  particularly  if  the 
microstructure  presents  a  nonhomogenous  pattern  of  martensite  with  ferrite  and  high 
tcnoerat'Ure  bainite  as  was  the  case  of  the  slaok-quenched  barrels.  The  measurement 
rf  the  high  frequency  transmission  characteristics  thus  Provide  a  valuable  tool  for 
the  nondestructive  determination  of  microstructure  as  affected  by  heat  treatment. 
Attenuation  measurements  made  over  a  wide  range  of  frequencies  show  that  the  ultra¬ 
sonic  absorption  factor  increases  with  frequency  at  a  rate  which  is  determined  by 
the  incidence  of  scattered,  e.  a.  microstructure,  all  other  factors  being  equal. 

H ’search  work  in  this  area  has  shown  a  correlation  in  this  particular  case,  between 
high  frequency  transmission  characteristics  and  impact  tests,  particularly  where 
a  1  ono  «?nous  microstructure  exists.  In  this  Particular  study  we  were  extremely 
fort  mat°  (or  ev-n  lucky).  Other  attempts  at  correlation  have  been  attempted  be- 
Vrewi  impart  pro  cr+tes  versus  rdc restructure  that  have  not  matched;  particularly 
•■here  extremely  iirty  -rain  boundaries  exist,  For  heterogenous  micros tructur 63 
routing  from  inadequate  heat  treatment,  the  correlation  is  excellent  between  the 
v^nuation  and  the  quality  of  the  steal  as  determined  by  microscopic  studies. 
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An  example  of  the  first  application  of  this  principle  to  the  mass  inspection  of 
manufactured  steel  items  is  the  program  of  segregation  of  20mm  machine  gun  barrels. 
Attenuation  measurements  were  carried  out  at  a  frequency  of  fifty  megacycles  and 
the  barrels  were  sorted  in  accordance  with  the  ultrasonic  transmission  character¬ 
istics  of  the  steel.  A  standard  10  megacycle  crystal,  operated  at  its  fifth  har¬ 
monic,  was  used  as  the  transducer  to  transfer  the  energy  through  a  liquid  couplant 
into  the  cylindrical  surface  of  the  barrel.  The  somewhat  unusual  Geometry  of  the 
test  piece  involved  some  special,  considerations.  The  results  obtained  from  ultra¬ 
sonic  attenuation  versus  nicrostructure  is  shown  in  Figure  6.  A  comparison  of  the 
results  of  this  test,  with  the  micro structure  of  each  individual  barrel  examined, 
revealed  that  barrels  considered  border-line  cases  were  occasionally  acceptable 
or  not  acceptable  by  the  ultrasonic  test.  It  was  found,  however,  that  when  the 
ultrasonic  test  was  used  in  conjunction  with  the  magnetic  test,  many  of  the  so- 
called  border-line  cases  were  rejected  magnetically  and  that  due  to  the  sensitivity 
of  both  tests,  it  was  more  likely  that  a  normally  acceptable  barrel  would  be  re¬ 
jected  than  a  rejectable  barrel  arrested. 

Field  Screening  of  the  Par-els 


The  actual  field  screening  of  the  machine  gun  barrels  was  accomplished  at 
various  collection  points  in  the  States.  Each  barrel,  after  being  unpacked  and 
removed  from  its  protective  tube,  was  placed  on  a  conveyor  line  and  transported 
to  the  first  inspection  station  where  they  were  segregated  by  the  electromagnetic 
comparator  into  acceptable  and  rejectable  categories.  All  barrels  accepted  at 
this  station  were  passed  on  to  the  second  inspection  station.  During  transit  be¬ 
tween  stations,  the  heavy  section  near  the  breech  end  was  washed  with  alcohol  and 
painted  with  glycerine.  As  each  barrel  reached  tht  inspector,  the  crystal  trans¬ 
ducer  was  applied  to  the  glycerine-wetted  surface  and  manipulated  to  give  the  best 
possible  echo  indication  on  the  screen  of  the  ultrasonic  attenuation  comparator. 
The  first  echo  just  touching  the  preset  exponential  line.  The  acceptability  of 
the  barrel  depended  upon  whether  the  succeeding  echo  peaks  were  above  or  below 
the  preset  limit  of  acceptable  attenuation.  The  inspection  process  as  outlined, 
was  reduced  to  a  very  simple  and  rapid  procedure.  All  barrels  having  a  magnetic 
value  of  0  to  10  on  the  scope  scale  were  believed  to  have  an  impact  value  of  5 
foot-pounds  or  more  and  were  considered  acceptable  subject  to  further  inspection 
by  the  attenuation  method.  Any  magnetic  reading  greater  than  10  would  reject  chat 
particular  barrel  as  having  intact  values  of  less  than  5  foot-pounds.  Average 
daily  outputs  of  1000  were  screened  although  as  many  as  1500  were  screened  in  a 
single  dav's  operation.  Gf  the  total  quantities  field  screened  during  an  eleven 
mouth  period,  7h  percent  were  acceptable,  and  6  percent  were  rejected  as  bein^; 
unusable,  and  the  balance  of  20  percent  was  limited  to  ground  firing.  A  selected 
quantity  of  both  acceptable  and  rejected  barrels  were  subjected  to  cold  room  tests. 
No  failures  resulted  from  the  accented  barrels  while  those  ir.  the  rejectable 
category  failed  after  repeated  firings  at  low  temperature.  Further  substantiation 
of  the  effectiveness  of  these  conplementary  tests  is  given  by  the  fact  that  there 
h-iv®  been  no  failures  in  the  acceptable  barrels  released  for  hitfi  altitude  cold 
temperature  use. 
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Droblems  Encountered  in  the  Tield  Testing 


Several  problems  were  encountered  in  carrying  out  the  field  segregation  and 
are  noted  for  record! 

(1)  All  magnetic  and  electronic  equipment,  jigs,  spare  parts  and  mis¬ 
cellaneous  supplies,  were  shipped  by  air  from  Watertown,  Massachusetts  to  the 
collection  points,  and  even  with  extreme  precautions,  such  as  careful  packing  and 
handling,  the  ultrasonic  units  had  to  be  overhauled  before  they  could  be  used  after 
each  shipment. 

(2)  Regardless  of  the  number  of  spare  parts  ship.ped  with  the  equipment, 
breakdowns  occurred  on  other  corponents,  such  as  transformers,  etc,  which  created 
delays  in  operation. 

(3)  Lack  of  sufficient  material -handling  personnel  did,  at  times,  cur¬ 
tail  production  rates. 

(h)  Difficulties  occurred  in  obtaining  inspection  personnel  available 
for  prolonged  periods  of  time. 

(5)  Interservice  communications  between  command  channels  required  special 
attention  to  assure  proper  coverage  of  regulations  and  procedures. 

In  spite  of  these  apparent  difficulties,  production  inspection  rates  were  far 
in  excess  of  those  anticipated  at  the  start  of  the  pro.lect. 
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CONCLUSIONS 


On  the  basis  of  the  results  of  the  investigation,  it  was  concluded: 

(1)  That  because  of  the  extreme  variance  in  the  microstructure  throughout 
the  wall  thickness  and  length  of  the  slack-quenched  barrels,  any  surface  micro¬ 
examination  or  muzzle-end  and  mechanical  test  would  not  be  indicative  of  the  con¬ 
ditions  existing  at  an/  other  location  within  the  barrel}  therefore,  such  a  test 
was  not  feasible  for  the  segregation  of  slack-quenched  barrels. 

(2)  That  the  magnetic  comoarison  test  was  correlative  with  the  micro- 
structure  near  the  surface  of  the  barrels  at  the  location  of  the  highly  susceptible 
locking  lug  area. 

(3)  That  where  extreme  variations  in  microstructure  occurred,  the  ultra¬ 
sonic  attenuation  measurements  correlated  with  average  micro structure. 

(li)  That  if  barrels  acceptable  by  magnetic  tests  were  also  subjected  to 
an  ultrasonic  attenuation  test,  the  chances  of  accepting  a  border-line  case  was 
practically  eliminated. 

(5)  That  due  to  the  sensitivity  of  these  tests  when  used  in  conjunction 
•fith  each  -ether,  an  accentable  barrel  could  be  rejected  but  a  rejectable  barrel 
could  not  be  accented. 
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Fig.  1  Fractured  Faces  of  Barrel  No.  3. 
(Arrows  indicate  points  of  failure  origin) 
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Fig,  2 


Typical  Fatigue  Cracking  Originating  at  Under¬ 
size  Root  Radius  of  Locking  Lug. 


Fig.  3a  Bore  at  Breech  of  Barrel  No.  235105 
Unsatisfactory  Microstructure. 


Electromagnetic  Indications 


ANISOTROPY  MEASUREMENTS  AND  THEIR  RELATIONSHIP  TO  THE 
DEEP  DRAWING  OF  THE  HAWK  MISSILE  OIL  ACCUMULATOR  HOUSING 


R.  M.  Colton  and  J.  D.  Colgate 
U.  S.  Army  Research  Agency 
Watertown,  Massachusetts 

INTRODUCTION 


Definition  of  Problem 

This  study  was  initiated  as  a  result  of  a  formability  problem 
experienced  during  the  "hydroforming"  or  deep-drawing  of  Kli  sheet  steel 
into  the  Hawk  Missile  oil  accumulator  dome.  The  problem  was  manifested 
as  a  tearing  or  fracturing  of  the  dome  at  its  base  during  or  directly 
following  forming.  The  forming  blank  or  disk  and  a  successfully  drawn 
dome  are  shown  in  Figure  1.  Four  distinct  types  of  failures  were 
experienced  and  are  shown  in  Figures  2a  to  2d.  The  failures  were  caused 
by  excessive  anisotropy  in  the  blank  or  disk  stock  and  inadequate  annealing 
techniques  performed  on  the  stodk  prior  to  forming  of  the  dome.  The 
inadequate  annealing  affected  the  ductility  and  yield  strength  properties 
of  the  stock  and  materially  influenced  the  drawability  of  the  dome. 

To  determine  the  nature  and  magnitude  of  the  specific  parameters  which 
caused  the  limited  drawability  and  cracking,  a  review  was  made  of  previous 
history  in  drawing  of  the  component.  It  was  determined  that  the  component 
had  been  successfully  drawn,  with  an  overall  acceptance  rate  of  95  per¬ 
cent  for  a  previous  period  of  about  a  year,  and  that  the  problem  first 
occurred  when  a  completely  new  heat  of  the  Hll  steel  sheet  stock  was  hydro- 
formed.  The  hydroforming  technique  was  not  modified  between  the  last 
acceptable  heat  and  the  forming  of  the  new  questionable  heat.  The  chemical 
composition  of  the  new  heat  was  as  specified.  Therefore,  the  cause  of 
limited  drawability  was  tentatively  attributed  to  the  effects  of  processing 
the  new  heat  prior  to  forming,  1  his  included  both  rolling  and  heat  treatment 
techniques.  It  was  noted  that  most  failures  were  accompanied  by  a  large 
degree  of  "earing"  or  scalloping  in  the  flange  of  the  drawn  dome  and  that 
failure  initiated  at  the  junction  of  two  of  the  ears.  A  crack  then  was 
initiated  at  this  point  whose  fracture  path  extended  from  the  juncture 
vertically  to  a  point  within  several  inches  of  the  hemispherical  portion 
(top)  of  the  dome.  It  was  quite  obvious  that  a  marked  degree  of  planar 
anisotropy  was  causing  the  large  ears,  thus  producing  the  sharp  juncture 
point.  In  addition,  the  rapid  work  hardening  of  the  neterial  during  forming 
resulted  in  increased  notch  sensitivity  and  raised  the  brittle-ductile 
transition  temperature  of  the  material  from  room  temperature  to  a  region 
well  above  the  forming  temperature  of  the  workpiece.  These  occurrences  were 
responsible  for  crack  initiation  and  propagation  at  the  region  of  high 
stress  concentration,  the  earing  juncture  point. 
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Relation  between  Anisotropy  and  Drawability 


Anisotropy  of  both  the  normal  and  planar  manifestation  has  been  recog¬ 
nized  for  more  than  15  years  as  one  of  the  prime  factors  in  deterrrininr  the 
drawability  of  sheet  metals  and  alloys.  The  literature  is  replete  with 
theories  explaining  the  relationship  between  anisotronv  and  crystallographic 
texturing  and  structure^"taring  durinp  d ra win p^"7st rain  rate.8  drawability  ,8*9"12 
deformation  processinpj3strength  and  plasticity  of  metals,  rexture  origin,2*18*18 


grain  orientation,  and  sheet  rollinp  techniques6  for  various  retals*.2l2&r 
example,  Larson^has  indicated  that  marked  increases  in  strenpth  of  sheet 
material,  under  biaxial  as  compared  with  uniaxial  tension,  can  be  achieved 
in  textured  a  and  a  +  £  type  titanium  alloys,  thus  extendinr  the  useful 
qualities  associated  with  anisotropy. 


Anisotropy  in  a  material  is  influenced  by  variations  in  its  mechanical 
and/or  physical  properties  as  a  function  of  the  directions  in  which  the 
specific  property  is  measured.  As  indicated  by  previous  invest ipatior.s  in 
deep  drawinp  of  sheet  material,  the  depree  of  mechanical  anisotropy  found 
in  a  material  preatly  affects  its  drawability  as  defined  by  D/d  (where  D 
is  the  diameter  of  the  forming  blank  and  d  is  the  diameter  of  the  drawn  cup). 

r'echanical  anisotropy  is  manifested  by  the  presence  of  various  combina¬ 
tions  of  three  phenomena:  (1)  internal  stress- induced  directionality,  com¬ 
monly  referred  to  as  the  Bauschinger  Effect;3 (2)  mechanical  fiberinp,  com¬ 
monly  evidenced  by  nonnetallic  inclusion  stringers  or  directionally  oriented 
second  phases;  and  (3)  crystallographic  texturing,  evidenced  by  preferred 
orientation  of  crystallographic  planes.  The  mode  of  crystallographic  tex¬ 
turing  is  influenced,  among  other  thinps,  by  material  composition  and 
processing  heat  treatment  history. 

Whiteley  and  Wise8have  made  an  extensive  study  in  interrelating 
crystallopraphic  texturing,  hot-  and  cold-rolling  techniques  and  other 
aspects  of  mill  practice,  drawability,  heat  treatment,  and  earing  for  iow- 
carbon  (g.03C  to  0.08C)  killed  and  rimmed  steels.  Whiteley*5  and  Whitelev 
and  Wise  have  shown  that  the  average  width-to-thickness  plastic  strain 
ratio  defined  as  normal  anisotropy  and  expressed  as 

?  •  l/U  (Ro  *  5Fu5  -  p90>  (1) 

is  a  practical  way  to  measure  the  drawability  of  low-carbon  steel  as  F 
increases.  In  Equation  1,  refers  to  the  width-to-thickness  rlastic 
strain  ratio  determined  from  flat  tensile  specimens  oriented  at  an  angle 
with  respect  to  the  principal  rolling  direction  of  the  sheet. 

Pg  is  mathematically  expressed 


_  €w  _  In  WQ/W 
€t  In  t0/t 
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where  W0  =  initial  width 
W  =  final  width 
t0  =  initial  thickness 
t  *  final  thickness, 

They  have  also  shown  thatAR,  which  represents  variations  in  P$  and  is 
defined  as  a  measure  of  planar  anisotropy,  can  be  expressed  as  follows: 

AR  =  1/2  (Rq  "  ^^45  *  ^90^* 

The  degree  of  earing  in  a  deep  drawn  shape  can  be  determined  by  the  absolute 
value  of  R  (Reference  6).  That  is,  asAR  increases,  severity  of  earinp 
increases.  Consequently,  P,  as  a  measure  of  normal  anisotropy,  is  indicative 
of  the  resistance  to  thinning  in  a  sheet  material  andAR,  a  measure  of  planar 
anisotropy,  is  indicative  of  the  tendency  of  the  sheet  to  deform  at  different 
rates  as  a  function  of  angular  orientation  within  the  major  plane  of  the 
sheet.  In  the  deep  drawing  of  sheet  material,  the  degree  of  E  andAR  are 
affected  by  composition;  mechanical  properties;  strain-hardeninp  exponent; 
hot-rolling  finishing  temperature;  degree  of  cross  rolling  and  reduction; 
and  microstructure, 

Hydrofoming  or  Deep  Drawinp  of  Hll  Sheet 

Hydroforming  is  a  hydraulic  form  of  deep  drawinp,  and  has  been  adequately 
described  in  the  literatur/f^However,  Jdttle  information  is  available  on 
deep  drawing  of  Hll  steel,  Unterwesser  presents  information  on  conventional 
deep  drawinp  (as  opposed  to  hydroforming)  of  HJ.l  steel  into  28- inch-diameter 
and  up  to  52-inch-long  cup  shapes.  Unterwesser  recomends  that  the  Hll 
material  should  be  90  to  100  percent  spheroidized  and  should  not  exceed 
90  Rockwell  B  in  hardness  and  95,000  psi  in  tensile  strength.  The  fact  that 
these  requirements  were  similar  to  those  ultimately  specified  for  hydroforming 
the  9-inch-diameter  by  8-inch-high  dome.  Figure  l,  is  indicative  of  the 
equivalence  in  severity  of  forming  for  the  two  processes. 

Hydroforming  is  quite  similar  to  conventional  deep  drawing  except  that 
the  solid  female  die  associated  with  deep  drawing  is  replaced  by  a  rubber 
diaphragm  hydraulically  supported  under  pressure  so  that  the  diaphragm  conforms 
to  the  shape  of  the  male  die,  .hua  completely  surrounding  the  formed  piece. 

At  all  times,  prior  to,  during,  and  after  forminp,  the  entire  outside  surface 
of  the  blank  is  under  high  hydrostatic  compressive  forces  in  addition  to  the 
tensile  forces  normally  encountered  in  conventional  deep  drawinp.  The 
internal  surface  is  subject  to  the  normal  deep-drawing  forces  influenced  by 
the  shape  of  the  male  punch  or  die.  Figure  4  shows  the  sequence  of  opera¬ 
tions  Involved  in  hydroforming  a  dome-shaped  component  and  indicates  the 
magnitude  of  the  hydraulic  pressures  involved. 
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In  the  actual  hydroforminp  or  deep  drawing  of  the  hot-rolled  Hll  sheet 
into  dome-shaped  configurations,  the  following  factors  affect  its  drawability: 
hold-down  force}  internal  pressure;  lubrication;  workpiece  temperature;  D/d 
ratio;  workpiece  thickness;  workpiece  flatness;  anisotropy  (including  the 
effect  of  the  anisotropy  variables  noted  previously);  yield  strength  and 
ductility, 


MATERIAL 

Several  heats  of  Hll  steel  in  the  form  of  1/6-inch-thick  disks  were 
utilized  om  this  study.  The  heats  used  and  the  corresponding  studies  are 
listed  below: 


Heat 

Study 

34382, 

33762, 

34529, 

34633 

General  Mechanical  Properties 

34382, 

34529, 

34633 

Microstructures 

34382, 

34529 

X-P.ay  Diffraction 

34382, 

33762, 

34529, 

34633 

Anisotropy 

All  material  used  was  in  accordance  with  specification  AMS  6439, 

PROCEDURE 


General  Mechanical  Properties 

Yield  strength,  tensile  strength,  elongation,  and  reduction  of  area 
values  were  obtained  from  standard  flat  tensile  specimens.  Figure  5,  using 
a  strain  rate  of  0,005  in/in/min  until  a  0,2  percent  offset  was  obtained, 
followed  by  a  strain  rate  of  0,02  in/min  until  failure.  The  specimens  were 
oriented  as  shown  in  Fipure  6,  Brittle-ductile  transition  determinations 
made  from  specimens  shown  in  Tigure  7  were  obtained  from  the  annealed  and 
formed  material.  All  specimens  were  oriented  with  the  length  dimension 
parallel  to  the  major  rolling  direction  of  the  disk. 

Microstructure 

Microstructural  determinations  were  made  on  specimens  obtained  from 
sheet  material  having  high  and  low  values  of  B  and  exhibiting  complete 
(Fipure  8a)  and  incomplete  (Fipure  8b)  spheroidization.  The  rolling  direc¬ 
tion  was  determined  using  metallographic  techniques  (ripure  9), 

X-Ray  Diffraction  Studies 

Studies  were  conducted  on  the  sheet  material  representative  of  random 
and  highly  textured  structures,  Tracinps  were  made  usinp  an  X-ray  diffracto¬ 
meter  with  an  iron  tarpet.  The  specimens  were  held  in  a  commercial  reflection- 
type  pole  figure  device  and  intensities  recorded  on  a  strip  chart. 
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Anisotropy  Measurements 


Values  for  P©  were  determined  usinp  two  methods,  In  the  first  nethoci 
standard  flat  tensile  specimens  were  equipped  with  90-degree  strain  pages 
(Type  FAcX-12-12  )  which  record  strains  in  both  the  lonpitudinal  and 
transverse  directions  (in  the  plane  of  the  specimen).  Both  elastic  and 
plastic  strains  were  recordeiTup  to  a  total  strain  of  approximately  1,5 
percent.  Accurate  readings  beyond  this  point  could  not  be  obtained.  The 
flat  test  specimens  were  machined  from  the  disks  parallel  with  the  rollinp 
direction  and  at  increments  of  30  deprees  up  to  150  degrees  as  shown  in 
Figure  6,  The  P  endAP  values  were  calculated  in  accordance  with  the 
procedure  outlined  in  reference  15,  A  strain  rate  of  0,005  in/in/min  was 
used  until  strain  page  measurements  were  discontinued*  then  0.02  in/rrin 
was  used  until  specimen  failure. 

In  the  second  method*  strains  were  measured  with  an  extensometer,  The 
strain  rate  used  was  0,005  in/in/min  until  a  0.2  percent  yield  strenpth 
offset  was  obtained  followed  by  0,02  in/min  until  fracture.  The  failed 
specimens  were  measured  directly  for  plastic  strain  with  micrometers  in  the 
width  and  thickness  directions.  Three  micrometer  readings  were  taken  for 
each  specimen  at  the  location  shown  in  Figure  10,  Lach  individual  readinp 
had  to  be  within  0,002  inch  of  the  average  value  of  three  readinps  for  each 
specimen  orientation.  Specimens  were  oriented  at  0*  45,  and  90  deprees  to 
the  original  rollinp  direction  of  the  sheet  (Figure  6),  The  55,  R©,  andAR 
values  were  calculated  from  Lquations  1,  2,  and  3. 

RESULTS 


''er.eral  f'echanical  Properties 

Althouph  significant  variations  in  mechanical  properties  were  observed 
from  heat  to  heat  (possibly  resulting  from  varying  hot-rollinp  finishing 
temperatures  and  degree  of  spheroidization ),  relatively  slight  variations 
were  observed  as  a  function  of  test  specimen  orientation  within  a  particular 
heat,  that  is,  0,  45,  90,  and  135  degrees  to  rolling  direction.  Figure  11. 
These  results  are  in  direct  opposition  to  those  variations  observed  for  R© 
values  (Firure  12),  where  relatively  large  variations  of  R©  are  observed 
within  a  particular  heat.  This  phenomenon  is  probably  indicative  of 
rrecom inartl v  crystallographic  texturing  of  the  material,  with  little  or  no 
mechanical  fiberinr  or  internal  stresses  beinr  present.  These  factors  are 
nomallv  influential  in  causing  directionality  in  mechanical  properties. 

Srittie-i'uctiie  Transition  Temperature  Studies 

The  uritt>-duct  ile  transition  curves  based  upon  energy  absorption  and 
fracture  'ihrosity  are  shown  in  Tirure  3,  Heats  34033(F),  33762(f), 

3*  .»«(••),  which  were  tested  in  the  annealed  condition  prior  to  hyd reforming, 
showed  transition  terperatures  (  53  percent  fibrosity)  at  or  below  room 
tmrperat ure.  reat  14392(2),  which  represented  the  hvriroforoed  materiel. 
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showed  a  shift  in  the  transition  temperature  from  room  temperature  to  almost 
100  C,  This  shift  is  most  likely  a  result  of  strain  hardening  induced  by  the 
plastic  deformation  caused  by  the  hydrofonning  process. 

Anisotropy  Studies  -  Re,  R,  andAR  Determinations 

In  all  cases  observed,  see  Figure  12,  including  strain  page  and  micro¬ 
meter  strain  ratio  determinations,  R^R^  an^  Rgo<pi35»  an<^  *n  most  cases» 
R(j<Rg0  and  ^4^^135*  These  results  produce  negative  &,?  values  which  are 
indicative  of  45  degrees  earinp,®  typically  observed  in  hot-rolled  sheet 
material.  Apdn,  in  all  cases  the  Revalues  obtained  from  0  tc  180  depress 

in  strain  page  measurements  are  lower  than  the  respective  values  obtained 
in  micrometer  measurements.  Concurrently,  the  /?/  andAR  values  are 
greater  for  the  micrometer  than  for  the  strain  page  measurements,  Since 
the  strain  ratios  obtained  usinp  micrometer  measurements  represent 
relatively  large  amounts  (15  percent)  of  strain,  it  is  assumed  that  f  and 
AR  are  not  constant,  and  probably  increase  in  absolute  value  as  total 
strain  increases,  as  is  actually  shown  in  Figure  13.  The^e  is  a  variation 
in  both  R  andAR  from  heat  to  heat  as  shown  in  Figure  14,  However,  the 
absolute  value  of AR  changes  at  twice  the  rate  as  R,  as  shown  in  Figure  15, 
where  the  slope  of  theAR  versus  £  curve  is  approximately  2, 

Ficrostructural  Determinat ions 

In  all  heats  observed,  the  material  exhibited  various  deprees  of  spheroi¬ 
dization  i  Figure  8  shows  the  two  extremes  observed,  There  appears  to  be  no 
specific  correlation  between  degree  of  spheroidization  and  R,  AR,  or  yield 
strength.  However,  some  correlation  exists  between  degree  of  spheroidization, 
elongation,  and  tensile  strength  values.  In  addition,  the  degree  of  grain 
boundary  carbide  precipitation  appears  to  be  related  to  ductility  and  tensile 
strength.  A  typical  microstr'!- . '  ’•s  showinp  rolling  direction  is  shown  in 
Fipure  9, 

X-Ray  Diffraction  DetermLiations 

In  all  cases  the  X-ray  diffraction  studies,  conducted  as  a  function  cf 
sheet  orientation,  substantiate  the  results  obtained  from  the  strain  ratio 
determinations.  For  example,  in  the  case  of  lowAR  values  «/0,25/),  random 
orientation  of  the  (110)  (no  observable  intensity  peaks)  were  observed  as 
shown  in  Fipure  16.  However,  whereAR  was  hiph  0/0,25/),  a  high  concentra¬ 
tion  of  (110)  observable  intensity  peaks),  oriented  between  60  and  90  deprees 
to  the  plane  of  the  sheet,  was  observed.  The  hiphest  concentrations  occurred 
in  the  principal  rolling  (three  peaks)  and  transverse  (one  main  peak)  direc¬ 
tions  of  the  sheet  (Figure  17). 

R  was  approximately  0,9  to  1,2  in  all  cases  of  random  orientation  of  the 
(110).  as  is  expected  since  this  range  is  indicative  of  an  isotrcpic  material 
(RHl)f  As  Whiteley  and  Wiae*have  shown  to  be  the  case  in  an  anisotropic 
bcc  material,  haata  exhibiting  R>1,2  result  in  preferred  orientation  of  the 
(110)  at  60  to  90  degrees  relative  to  the  principal  rolling  direction. 
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DISCUSSION 


Throughout  this  section,  reference  will  be  made  to  "pood"  and  "poor" 
heats  of  material.  A  pood  heat  is  defined  as  one  whirh  produced  90  percent 
or  more  of  acceptat'e  hydro-formed  domes,  as  shown  in  Figure  1  (heat  34529), 

A  poor  heat  is  one  which  produced  less  than  75  percent  acceptable  hydroformed 
domes  (heat  34633), 

General 

In  the  deep  drawing  of  nil  steel,  anisotropy  caused  by  internal  stresses 
has  shewn  some  effect  as  evidenced  by  the  tendency  of  the  blank  disks  to 
exhibit  an  "out  of  flatness"  condition,  Mechanical  fibering  has  only  a 
slipht  effect  since  the  inclusion  ratinp  of  the  material  is  quite  low  and  under 
[  roper  annealing  conditions  complete  and  random  spheroid izat ion  of  the  carbide 
phase  is  obtained,  However,  the  third  phenomena,  crystallographic  texturinp, 
plays  a  dominant  role  in  the  drawability  of  the  sheet  material. 

It  was  found  that  marked  planar  anisotropy AR>/0. 25/  was  present  in  the 
poor  stock  (heat  34382)  and  little  planar  anisotropy AF</0 .25/  was  present  in 
trie  pood  stock  (heat  33762),  Concurrently,  the  normal  anisotropy  (K)  was  con¬ 
siderably  hipher  for  heat  34382  than  for  heat  33762,  as  shown  in  Figure  14, 

In  addition,  it  was  noted  that  in  most  cases,  incomplete  spheroidization 
(Figure  fib),  low  ductility,  and  hiph  yield  and  tensile  strengths  (Figure  11), 
were  observed  with  the  poor  material;  and  pood  spheroidization  (Tigure  8a), 
hipher  values  of  ductility,  rand  lower  values  of  yield  and  tensile  strengths 
were  observed  witn  che  pood  material. 

In  reviewing  Figures  il  and  14,  it  was  found  that  the  disks  exhibiting 
elonration  values  in  excess  of  25  percent,  yield  strenpth  values  below  55,000 
ps-,  and  a  minimum  of  planar  anisotropy AF.</0, 25/  produced  acceptably  drawn 
domes.  When  these  conditions  we-e  not  obtained,  a  hiph  percentage  of  failures 
of  the  four  types  shown  in  Figure  2  were  observed, 

.e  first  type  of  failure,  Fi-.-ure  2a,  where  a  highAP  caused  extensive 
earing  resulting  in  hiph  stress  concentration,  has  been  previously  mentioned, 
The  second  type  c*  ailure.  Figure  2b,  wherein  brittle  fracture  occurred 
around  the  sire  inference  of  the  dome,  at  a  point  between  the  flange  and  top 
of  the  dome,  was  attributable  to  incomplete  spheroidization  which  resulted  in 
material  with  low  ductility  and  high  yield  and  tensile  strenpth  values.  The 
third  tvpt  of  failure,  Tirure  2c,  which  fractured  at  the  midpoint  of  extremi¬ 
ties  of  the  circumference  of  the  ears,  was  caused  by  a  combination  of  incom¬ 
plete  spheroidization  (lack  of  ductility)  and  moderately  hiph  values  of  planar 
anisotropy  (AP).  The  fourth  type  of  failure,  rigure  2d,  which  was  ductile  in 
nature,  occurred  shortly  after  initiation  of  deep  drawing.  Such  a  failure 
results  when  the  blank  hold-down  force  is  excessive,  thus  causing  the  drawing 
tensile  force  to  exceed  the  yield  and  tensile  strengths  of  the  material.  This 
phenomena  causes  localized  circumferential  yielding  and  necking  and  ultimate 
rupture. 
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Determination  of  Rd,  P,  andAR  Values 

The  Ra  can  be  determined  experimentally  by  several  methods,  Since  Fe  is 
defined  as  oew/8€f,  as  measured  on  a  conventional  sheet  tensile  specimen,  both 
width  and  thickness  strain  readings  car.  be  reci  rded  at  any  time  durinp  the 
actual  tensile  test,  However,  if  the  test  load  is  applied  at  the  time  of 
measurement,  allowance  must  be  made  for  elastic  strain  and  this  value  sub¬ 
tracted  from  the  total  strain  to  produce  the  actual  plastic  strain,23 

Strain  measurements  can  be  made  by  means  of  strain  papes  or  a  special 
mechanical  extensometer  which  is  electronically  connected  to  automatic  record- 
inp  devices.  However,  the  extensometer  is  only  useful  durinp  initial  plastic 

straining,  since  the  pc  sibility  of  experiencing  a  premature  failure  of  the 
specimen,  which  would  damage  the  expensive  mechanical  device,  is  quite  high 
and  certainly  not  worth  tne  chance,  Consequently,  the  use  of  strain  papes  is 
normally  recommended,  but  only  during  initial  plastic  deformation.  Strain 
pages  cannot  be  used  to  measure  thickness  strain  as  they  are  not  normally 
small  enough  to  be  attached  to  the  thickness  dimension  of  a  sheet  specimen. 
Consequently  only  longitudinal  (length)  and  v  ^nsverse  (width)  strain  pages 
can  be  applied  to  the  specimen.  Longitudinal  and  transverse  strains  are  re¬ 
corded  and  the  is  calculated  from  the  relationship 

«t  +  €w  +  €,  =0  (4) 

Both  the  strain  gages  the  extensometer  have  the  drawback  of  not  being 
able  to  determine  R$  at  high  plastic  strains  (>1  percent).  Since  most  deep- 
drawing  operations  usually  result  in  a  plastic  strain  of  2  to  10  percent  one 
does  not  truly  evaluate  the  anisotropic  behavior  of  the  material  in  the  crucial 
deformation  range  using  the  above  techniques.  Consequently,  width  and  thick¬ 
ness  strain  measurements  of  failed  sheet  specimens,  where  elongations  of  4  to 
30  percent  (tensile  elongations  measured  after  maximum  load)  have  been  obtained 
can  provide  important  strain  ratio  or  R$  value  data. 

In  this  stucy  both  strain  gapes  and  failed  specimen  measurement  techniques 
were  used,  Both  measurements  indicated  similar  cyclical  strain  ratio  varia¬ 
tions  as  specimen  orientation  went  from  the  rolling  direction  (0  depress)  to 
the  transverse  direction  (90  degrees)  as  shown  in  Figure  12,  The  normal  ani¬ 
sotropy  (R)  values  obtained  at  small  plastic  strains,  indicated  by  the  strain 
gage  measurements,  were  not  as  great  as  these  obtained  at  the  higher  plastic 
strains,  measured  by  the  failed  specimen  techniques, 

The  /AR/  was  also  much  less  for  the  small  strain  reading  than  for  the 
higher  measurements.  This  would  indicate  that**^  is  a  function  of  total 
plastic  slrtin,  as  shown  in  Figure  13,  and  not  constant  as  is  actually  observed 
str*in  gsge  plots  for  small  plastic  strain,  as  shown  in  Figure  18. 
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Correlation  of  Factors  Affecting  Drawability 


The  factors  considered  to  be  most  important  in  influencing  drawability 
of  Hll  annealed  sheet  are  F0,  8, AP,  yield  strength,  ductility,  and  brittle- 
ductile  transition  temperatures.  In  general,  the  values  of  P^/l/  for  all  heats 
represent  a  fair  degree  of  drawability,®  However,  large  variations  in  R0,  pro¬ 
ducing  highAR  values,  lower  the  effective  degree  of  drawability  by  increasing 
susceptibility  to  earinp,  As  mentioned  previously,  extensive  earing  can 
cause  regions  of  stress  concentration  leading  to  component  failure,  or  pro¬ 
duce  a  shape  which  is  dimensionally  deficient.  TheAR  and  P  are  generally29 
interrelated  phenomena  as  supported  in  Figure  15,  However, AF  is  more  greatly 
affected  bv  processing  variables  than  R,  As^illustrated  in  Figure  15, AP  and  8 
show  a  linear  relationship  with  the  slopeAR/P  =  -2,  Any  change  in  8  will  cause 
twice  as  great  a  change  inAP,  Plots  of  R.  _  versusAR  and  Puc  versus  Kj 
rigure  13,  are  also  linear  relationships.  measurement  of  F45  automatically 
establishes  F  andAR  for  a  particular  material. 29 There  appears  to  be  no 
direct  relationship  between  P  and  drawability  but  when  R  is  used  in  conjunction 
withAr,  ductility,  and  yield  strenpth,  such  a  relationship  is  established. 


The  variation  in  both  P  andAF  from  heat  to  heat  is  probably  indicative 
of  varyinp  hot-rolling  finishing  temperatures6as  shown  in  Figure  14,  with 
AP/  increasing  as  hot-rclling  temperature  decreases  while  R  increases  a 
lesser  amount  at  hot-rolling  finish  temperature  decreases,® 

It  is  well  known  that  the  brittle-ductile  transition  temperature  is  a 
runction  of  heat-treatment  cycle,  processing  procedure,  and  degree  of  plastic 
deformation,  with  brittle-ductile  transition  temperature  normally  increasing 
with  increased  work  hardening  or  plastic  strain. 

Thus,  fomi.'g  of  the  Hll  steel  sheet  into  the  desired  shape  at  tempera¬ 
tures  in  excess  of  the  observed  brittle-ductile  transition  temperature  with 
approximately  10  percent  plastic  strain,  but  below  the  blue  brittleness  range 
would  greatly  decrease  the  tendency  co  fracture  during  forming,  Drawability 
would  also  be  enhanced  by  decreasing  the  effective  yield  strength  of  the  mate¬ 
rial  and  increasing  its  ductilitv  (percent  elongation)  and  normal  anisotropy 
(R),  lieat  34529,  which  had  a  brittle-ductile  transition  temperature  preater 
than  room  temperature,  was  considered  a  good  heat  while  those  with  brittle- 
ductile  transition  temperature  less  than  room  temperature  could  not  be  eva1  » 
uatec  on  this  criterion  alone, 

Texturing,  as  evidenced  by  8  values  in  excess  of  1  with  corresponding 
highAP  values.  Figures  12  and  14,  has  been  substantiated  by  X-ray  diffraction 
studies,  Tigure  17, 

The  hyd reforming  of  domes  of  a  quality  equal  to  or  bevter  than  the  com¬ 
ponent  shewn  in  Figure  1  has  been  shown  to  be  mainly  a  function  ofAP*  duc¬ 
tility,  yield  strength,  and  brittle-ductile  transition  temperature.  In  turn, 
parameters  are  influenced  by  microstructure  (annealing  treatment),  provided 
hot-rolling  finishing  temperature  and  composition  are  xept  constant. 
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CONCLUSIONS 


1,  The  primary  causes  for  poor  drawability  of  the  Hll  sheet  material 
were  excessively  high  values  of  planar  anisotropy  AP.),  most  likely  caused  by 
low  hot-rolling  finishing  temperatures,  and  incomplete  spheroidization  re¬ 
sulting  in  low  ductility  and  high  strength  values,  caused  by  incomplete 
annealing, 

2,  To  prevent  acceptance  of  the  Hll  sheet  material  which  exhibits  these 
detrimental  qualities,  the  following  specifications  were  recommended,  Material 
exhibiting  minimum  elongation  values  of  25  percent,  maximum  yield  strength 
values  of  55,000  psi,  and  a  maximum  P  value  of  0,25  would  be  considered 
acceptable.  If  all  of  the  above  criteria  were  not  met,  rejection  would  be 
recomnended ,  Heat  34529,  which  was  considered  a  pood  heat,  met  these  criteria 
and  heats  34633  and  34382,  which  were  considered  poor  heats,  failed  to  meet 
all  these  criteria. 

3,  All  heats  of  the  Hll  sheet  evaluated,  with  the  exception  of  heat 
34382  (R  =  1,04,  1.09,  1,27,  1.52),  exhibited  1  values  from  0.90  to  0,99, 

This  range,  at  best,  i  dicates  only  fair  drawability.  Consequently,  even 
with  drawing  variables  kept  at  optimum  levels,  the  severity  of  hydroforminp 

the  accumulator  dome  would  cause  a  base  level  failure  rate  during  drawing  of 
approximately  2  to  9  percent.  Only  when  R>1.0  could  one  expect  the  base  level 
failure  rate  to  be  less  than  2  to  3  percent, 

4,  Since  R  decreases  linearly  asAR#  and  since  improved  drawability  is 
desired,  we  must  settle  for  an  increase  in  the  tendency  toward  earing  for  the 
Hll  sheet  material  evaluated.  Therefore,  a  point  must  be  established  where 
the  severity  of  earing  (AR)  is  more  detrimental  than  the  improvement  in  draw- 
ability  (R)  is  beneficial, 

5,  The  AH,  Ru5,  and  £  are  mutually  dependent  upon  each  other  and  are 
linearly  related  for  the  Hll  steel  evaluated, 

6,  For  the  Hll  steel  evaluated,  $,  a  measure  of  normal  anisotropy 
(drawability),  is  not  affected  by  processing  charges  as  greatly  asAR,  a 
measure  of  planar  anisotropy,  since  AR/R  =  2, 

7,  Ths  strain  ratio.  d«  /d«  =  Re*  shows  a  tendency  to  increase  as  total 

strain  increases  for  the  Hll  It eel  evaluated,  This  was  indicated  by  lower  Fe 
values  for  strain  gage  measurements  at  low  strains  as  compared  with  the  broken 
tensile  bar  measurements  at  higher  strains. 
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Figure  l.  NYDROFORMED  DCME  AND  DISK 


Figure  2b. FA I  LURE  CAUSED  BY  INCOMPLETE  SPHEROID  I ZATI ON 


Flats*  2c. FAILURE  CAUSED  SY  A  COMBINATION  OF  INCOMPLETE  SPHENOIDIZATION 
AND  MODERATELY  HI  OH  VALUES  OF  PLANAR  ANISOTROPY  (&R) 
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Figure  2d. FAILURE  CAUSES  RY  EXCESSIVE  BUNK  HOLD-DOWN  FORCE 
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Figure  18.  SCHEMATIC  REPRESENTATION  OF  THE  LIMITS  OF 
LONOITUOINAL  VERSUS  WIDTH  STRAIN  RATIOS 
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STRESS  CORROSION  AND  CORROSION  FATIGUE  BEHAVIOR 
OF  2  50  KPS  I  MARAGING  STEEL  IN  SEA  WATER 

R.  D,  Barer 

Pacific  Naval  l  ahoratory,  H.M.C.  Dockyard 
Esquimnlt,  B.  C.  Canada 


PNL  has  been  involved  in  a  co-  operative  prog  ram  with  de  Havilland, 
Mines  Department  and  Hydrofoil  Materials  Steering  Committee  to  evaluate 
behaviour  of  maraging  steeL  subjected  to  stress  in  fresh  sea  water. 

Initial  stress- corrosion  exposures  at  PNL  were  made  with  ring-type 
specimen  holders.  After  some  time,  it  became  evident  that  a  more  accurate 
method  of  loading  was  needed.  Specifically,  it  was  decided  the  need  could  be 
met  with  a  unit  applying  a  static  load  through  a  lever  system  and  having  pro¬ 
vision  for  careful  alignment  of  specimens.  Such  a  unit  was  designed  by 
LCDR  K.  W.  Moore  and  G.N.  Dennison  at  PNL.  Twelve  of  these  units  were 
subsequently  built  in  Dockyard  to  very  close  tolerance  s.  A  photograph  of 
the  units  is  in  Figure  1. 

The  specimens  for  ti.e  PNL  stress  corrosion  mit  have  a  3/16"  diameter 
and  a  gauge  length  of  l  1/2".  Specimen  is  also  shown  in  Figure  1. 

The  specimens  were  machined  from  round  s;ock  purchased  from 
Vanadium  Alloys.  In  view  of  comments  in  the  literature  that  there  appeared 
to  be  metal  which  was  relatively  crack  resistant  whereas  metal  from  other 
heats  was  not*,  we  thought  it  would  be  useful  to  keep  track  of  specimens  from 
each  length  of  steel,  in  case  some  were  from  different  heats.  Specimens 
machined  from  one  length  were  labelled  A1 ,  A2  ,  etc.  and  those  from  a  ieconri 
length  B1 ,  B2  ,  etc. 

Following  machining,  the  specimens  were  to  be  heat  treated  for  3  hours 
at  900°F  to  a  nominal  stronuth  level  of  250,000  psi.  It  was  intended  to  stress 
the  init  al  non-welded  specimens  to  30%  of  ultimate  so  that  results  could  be 
obtained  in  a  reasonable  time  and  still  provide  useful  indications  of  an  engineering 
nature.  Later  it  was  intended  to  stress  at  lower  levels,  as  time  permitted, 
to  get  more  data  at  levels  closer  to  actual  operating  conditions.  Alter  getting 
some  useful  knowledge  from  the  relatively  uncomplicated  non- welded  material 
it  was  intended  to  then  expose  the  welded  specimens  which  de  iiavilland  was  to 
prepare. 

*  Dr.  G.J.  Biefer,  "Hydrogen  and  Stress-Corrosion 
Cracking  of  IB%  kpsi  Maraging  Steel",  PM-1-65-3, 
l  February  1965. 
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An  important  part  of  the  program  was  to  establish  (a)  whether  or 
not  cathodic  protection  is  beneficial  to  maraging  steel,  and  (b)  what  level 
of  cathodic  protection  is  practical. 

It  needs  to  be  borne  in  mind  that  the  aluminum  alloy  hull  requires 
0,9  v  minimum  and  that  the  maraging  steel  requires  approximately  0.  75  v 
protection.  It  should  also  be  borne  in  mind  that  a  practical  engineering 
design  must  have  something  of  the  order  of  0.2  v  driving  potential  difference. 
A  final  point  to  remember  is  that  the  maraging  steel  near  the  aluminum  must 
also  be  polarized  to  slightly  above  the  0.9  v  potential  in  order  to  prevent  the 
aluminum  hull  acting  as  an  anode  (which  could  be  serious  at  breaks  in  a 
painted  aluminum  hull).  All  these  factors,  in  practical  terms,  necessitate 
driving  potentials  of  one  volt  and  preferably  higher. 


Results 


It  appeared  that  we  were  on  to  a  major  discovery  when  5  specimens 
of  bar  A  failed  after  25  to  48  hours  exposure,  whereas  another  5  specimens 
from  the  same  bar  and  exposed  under  identical  conditions  had  a  first  failure 
after  76  days  (the  final  one  lasted  118  days).  A  careful  check  was  made  of 
all  factors  which  might  have  been  involved,  including  an  electron  microscope 
study*  and  spectrographic  analysis  of  metal  from  several  lengths.  These 
were  the  same  composition  within  every  close  tolerances.  It  was  concluded 
that  inadequate  control  in  heat  treating  resulted  in  under- strength  material 
and,  consequently,  the  stressing  was  at  94%  for  those  which  failed  rapidly, 
rather  than  approximately  83%  for  those  which  lasted  76-11.8  days. 

Subsequent  specimens  showed  that  at  levels  from  approximately  83% 
to  95%  (based  on  hardness  levels)  duration  was  generally  in  the  10  to  16  day 
range,  with  a  few  failing  at  2  to  3  days.  These  were  all  non-welded  and  not 
cathodically  protected.  Similar  specimens  (see  Table  1)  when  cathodicaliy 
protected  at  one  volt  lasted  from  35  to  180  days. 

In  an  attempt  to  determine  whether  a  higher  level  (1.2  v)  of  cathodic 
protection  could  be  tolerated,  but  at  lower  stress  levels,  series  of  triplicate 
specimens  from  bar  F  were  run  at  85%,  80%,  75%  and  70%  of  ultimate  and 
at  1.2  v  cathodic  protection.  These  specimens  were  carefully  cleaned  of 
cathodic  deposit  several  times  daily  to  avoid  any  shielding  effects.  While 
there  appeared  to  be  some  tendency  for  increased  life  at  lower  stress  levels, 
these  results  need  to  be  confirmed  at  65%,  60%  and  lower  levels. 


*  Dr  D.  Tromans,  "Metallography  of  Three 
Maraged  Steel  Specimens','  UBC  Department 
of  Metallurgy,  July  1966. 
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AIL  the  above  specimens  were  non-welded  plate.  Having  now  some 
background  with  pla  '  the  welded  specimens  from  de  Havilland  (machined 
from  the  material  actually  used  on  FHE  400)  were  exposeti  at  50%  of  ultimate, 
with  and  without  cathodic  protection  at  1  v.  While  an  occasional  specimen 
Lasted  much  longer,  failures  at  3  to  4  days,  irrespective  of  cathodic  protection, 
were  rather  jolting. 

As  a  first  approach  to  improve  performance,  it  was  decided  to  see 
whether  heat  treating  could  be  beneficial.  Three  specimens  were  re-heat- 
treated  at  1500°F  for  one  hour  and  then  aged  for  three  hours  at  900°F.  These 
were  exposed  at  50%  and  with  l  v  cathodic  protection,  and  have  lasted  over 
216  days  to  date  (November  30,  1966). 

Naturally,  it  was  realized  that  to  re-heat-treat  the  foils  themselves 
would  be  a  rather  major  and  difficult  project  -  one  to  be  avoided  if  possible. 
This  experiment  did  however,  if  all  else  failed,  provide  a  means  of  improving 
the  stress  corrosion  behaviour  of  the  welded  maraging  steel. 

To  assess  a  potentially  more  feasible  means  of  improving  the  durability 
of  the  foils,  samples  of  welded  maraging  were  carefully  shot  peened  at  Mines 
Department  (to  a  depth  of  .  012"  compression  layer).  These  three  specimens 
were  exposed  at  50%  and  i  v  and  have  lasted  for  102  and  109  days,  and  one  is 
still  on  at  197  days  (November  30,  1966). 

It  was  also  established,  through  discussion  with  de  Havilland 
representatives  that  50%  was  a  high  level,  and  that  40%  or  lower  were  more 
realistic  approaches  to  extreme  and  momentary  stress  exposures  of  the  foil 
material.  Consequently  specimens  (welded)  were  exposed  at  40%  and  1  v. 

There  was  a  marked  improvement  with  one  failing  at  50  days,  the  remaining 
two  are  still  on  at  109  days  (November  30,  1966). 

The  next  pMse  of  the  investigation  was  to  establish  >.he  corrosion 
fatigue  behaviour  of  uoth  unwelded  and  welded  material  (see  Table  II) 

Flat  plate  specimens  (Figure  2)  for  the  Tatnall-Krouse  Fatigue  Testing 
machine  were  prepared,  initially  of  0.  10"  thickness.  These  were  exposed 
to  fatigue  while  vibrating  within  a  cell  through  which  flowed  fresh  sea  water 
at  210  c.  c.  /minute.  Stress  amplitude  was  48, 000  psi  about  a  mean  stress  of 
approximately  50,000  psi,  peaking  at  98,000  psi. 
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Results  from  a  group  of  6  specimens  with  no  C.P.  was  uniformly 
106 , 000  cycles  to  124 , 000  cycles.  The  next  g roup  of  3  specimens  with  C.  P. 
of  just  over  1  v  gave  results,  incomplete  because  each  was  removed  before 
failure  because  of  a  leaking  seal,  of  303 , 600,  340,700  and  5 , 658 , 000  cycles 
(the  latter  almost  4  days  at  a  cycling  rate  of  over  900  cpm).  Another  group 
of  two  specimens  exposed  to  C.P.  of  1.2  volts  went  43  9,3  00  (stopped  with 
leaky  seal)  and  8 , 139 , 800  which  broke  outside  the  sea  water  cell ! 

Another  two  groups  were  exposed  at  62,000  psi  mean  stress  and 
62,000  psi  stress  amplitude  (peaking  125,000  psi).  The  unprotected  group 
survived  for  50 , 600,  56,300  and  60,500  cycles.  With  1.2  v  C.P.  the  other 
group  of  three  went  120,500  and  207,400  (with  failure  outside  the  cell  in  each 
of  these  cases)  and  one  went  1,247,600  cycles.  An  air  test  of  the  62,000  psi 
level  gave  failure  at  88,800  and  213,200. 

Two  additional  specimens  of  interest  in  the  62,000  psi  mean  stress 
group  are: 

(a)  One  exposed  unstressed  at  1.2  v  for  almost  1  week  prior 
to  cycling,  lasted  1.4  million  cycles. 

(b)  One  exposed  unstressed  to  "poisoned"  H2SO4  electrolyte 
for  almost  4  hours,  then  run  in  sec  water  cell.  Failed 
in  27 , 500  cycles . 

The  first  preliminary  exposures  of  welded  flat  specimens  gave  failures 
at  56,100,  90,100,  and  11,100  cycles  for  the  48,000  psi  mean  stress  tests  and 
no  cathodic  protection.  A  second  series,  also  at  48,000  psi  mean  stress,  gave 
the  following  results: 

No  cathodic  protection  86,600,  75,100,  114,200  and  97,100  cycles. 

With  one  volt  C.P.  191,400,  246,000,  325,800,  3,925,600 

and  182,000  cycles. 

Much  additional  work  is  planned  both  with  and  without  cathodic  protection. 

Discussion  of  Results 
(a)  Stress  Corrosion 

While  there  is  a  great  deal  of  scatter  in  the  results  and,  ideally,  many 
more  samples  need  to  be  exposed,  I  believe  we  can  make  some  tentative  observations 
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1.  It  is  still  not  clear  why  one  group  of  specimens  was  able  to 
survive  to  76-118  days  (with  no  C.  P.  )  while  the  general  duration 
of  others  was  more  in  the  10-16  day  range. 

2.  The  latter  group  gave  what  we  believe  to  be  an  important  increase 
in  range  of  35  to  over  180  days  with  C.  P.  at  1  volt. 

3.  We  did  not  determine  the  lower  stress  level  at  which  1.2  v  might 
prove  to  be  beneficial.  We  suspect  such  a  level  exists  at  50%  or 
slightly  lower  stress  level. 

4.  Metallurgical  studies  have  not  been  undertaken  to  any  extent  to 
show  nature  of  cracked  surfaces,  i.e.  hydrogen  effects. 

5.  Specimens  exposed  at  over  80%  stress  level  without  C.P.  have 

in  general  failed  in  relatively  short  periods,  whereas  the  application 
of  C.  P.  at  l  v  has  markedly  increased  specimen  life.  Cathodic 
protection  is  beneficial  in  extending  life  but  failure  eventually  is 
likely  caused  by  hydrogen. 

6.  Welded  specimens  have  a  markedly  short  life  at  50%  stress  level 
with  or  without  cathodic  protection  at  1  volt. 

7.  Metallurgical  changes  (e.g.  I  hour  at  15C0°F  followed  by  re-aging) 
are  decidedly  beneficial.  Duration  at  1  volt  is  now*  216  daya  and  still 
continuing. 

8.  Shot  peening,  also,  by  altering  surface  stress,  has  proven 
beneficial.  Duration  was  102  and  109  days  with  one  still*  on  at  132 
days  at  1  volt  and  50%. 

9.  There  has  been  no  opportunity  yet  to  consider  residual  stresses 
on  th~  welded  areas  on  the  foil  itself,  but  these  would  be  eliminated 
b\  the  1500°F  heat  treatment  and  alleviated  by  the  shot  peening. 

10.  The  change  in  potential  to  0.9  v  while  at  50%  stress  level  has 
been  of  benefit  for  two  specimens,  but  with  one  failure  at  5  1/2  days, 
many  more  exposures  are  needed  to  establish  a  pattern,  even  'though 
another  lasted  97  days  ani  the  remaining  one  is  still  on  at  97  days*. 

1  1.  Reduction  of  sustained  stress  level  to  40%  of  ultimate  has  been 
beneficial  (one  at  50  days,  2  still  on  at  over  190  days*). 


*  At  November  30,  1966 
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( b)  Corrosion  Fatigue 

I  can  make  the  same  remarks  with  respect  to  these  results  too  being 
only  tentative.  Some  observations  which  may  be  made: 

1.  At  the  48,000  psi  mean  stress  level  fairly  consistent  failures  at 
106, 000  to  12  5 , 000  cycles  were  obtained  (sea  water,  nc  C.  P.  ). 

2.  Cathouic  protection  at  i  v  gave  improvement  to  300,000  cycles  and 
5. 66  million  cycles  with  tests  stopped  because  of  leaks. 

3.  Cathodic  protection  at  1.2  v  also  appeared  to  be  beneficial.  Possibly 
the  cycling  rate  is  such  that  hydrogen  might  not  exert  its  embrittling 
effect*.  The  two  specimens  went  ever  430,000  cycles  (leaky  cell)  and 
over  8  million  cycles  with  breakage  outside  the  cell. 

4.  Another  group  stressed  at  high  levels  (62,000  psi  mean  stress)  also 
showed  a  marked  extension  of  life  with  1.2  v  C.  P. 

5.  Embrittling  by  hydrogen  from  a  "poisoned"  acid  electrolyte  seems 
to  be  vastly  different  from  that  occurring  at  1.2  v  in  sea  water. 

Admittedly  a  single  sample  of  each  is  hardly  definitive  but  we  hope  to 
confirm  these  indications. 

6.  It  is  too  early  to  say  too  much  on  the  welded  specimens  but  indications 
are  that  there  is  a  markedly  beneficial  effect  from  one  volt  cathodic 
protection. 


In  general,  cathodic  protection  at  1  volt  (vs  Ag/AgCi)  level  appears 
to  be  beneficial.  While  the  corrosion  fatigue  specimers  may  be  cycled  at  t 
rapid  a  rate  to  permit  hydrogen  embrittlement,  the  sustained  tensile  loading 
in  the  stress  corrosion  exposures  certainly  provides  ample  opportunity  for 
embrittling.  Our  results  strongly  suggest  chat  even  here  one  volt  is  decidedly 
beneficial. 


Conclusions 


Much  more  confirmatory  work  is  called  for  and  will  be  carried  out 
within  limitations  of  staff  and  facilities  at  PN.\.. 


*  Bro^n,  B.  F.  ,  "Stress  Corrosion  Cracking  and  Corrosion 
Fatigue  oi  High  Strength  Steels"  ir  DMIC  Report  210, 
26-28  October  '964  ,  published  by  Battelle  Memoriat 
Institute. 
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V/hile  initial  results  of  the  welded  specimens  at  50%  stress  level  were 
most  worrisome,  subsequent  results  at  40%  stress  level  are  relatively 
optimistic.  If  found  desirable,  other  means,  e.g.  heat  treatment  or  shot 
peening,  are  available  for  markedly  improving  resistance  of  welded  maraging 
steel  to  stress  corrosion  cracking. 

Preliminary  results  show  that  cathodic  protection  is  beneficial  in 
corrosion  fatigue.  Cycling  rate  was  such  that  hydrogen  embrittlement  might 
not  be  a  factor. 

PNL  concludes  that  cathodic  protection  at  approximately  zinc  potential 
is  beneficial. 
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Test  Conditions  Specimen  Hardness  Mean  Stress  Stress  Amp.  Time  Speed  Cycles  to 

_ Humber _ Rc _ (KSI) _ (KSl) _ (Min)  (  CPS) _ Failure 


Photograph  showing  PNL- designe unit  for  stress 
corrosion  exposure  of  maraging  steel.  The  plastic 
tank  in  the  unit  permits  the  maintenance  of  a  steady 
flow  of  sea  water  around  the  specimen. 
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CAVITATION  EROSION  FACILITIES  AND  DEVELOPMENTS 
AT  THE  U.  S.  NAVAL  APPLIED  SCIENCES  LABORATORY 

J.  Z.  Lichtman,  D.  H.  Kallas  and  A.  Rufolo 
U.  S.  Naval  Applied  Sciences  Laboratory 
Brooklyn,  New  York 


Introduction. 

The  erosive  effects  of  cavitation  have  plagued  ships  and  hydraulic 
systems  for  many  years,  in  many  ways.  Probably  the  most  common  instances 
of  cavitation  attack  on  ships  have  been  in  the  propellers,  producing  blade 
and  hub  erosion  of  the  type  shown  in  Figure  1.  In  ships'  machinery,  similar 
erosion  occurs  in  turbine  blades  and  in  pure  impellers.  More  recently, 
with  development  of  high  speed  vessels  such  as  hydrofoils,  foil  erosion  of 
the  type  shown  in  Figure  2  has  presented  a  problem.  Developments  in  sonar 
systems,  with  their  high  power  transducers,  hare  introduced  still  another 
area  of  cavitation  erosion  on  sonar  domes,  producing  effects  shown  in 
Figure  3. 


The  cavitation  phenomenon  has  been  well  explored,  as  to  its  causes 
and  the  mechanisms  by  which  it  produces  damage.  The  explanations  by 
Rayleigi  (1)  that  pressure  fluctuations  produce  vapor  cavities  and  that, 
upon  collapse,  these  cavities  release  violent  hydrodynamic  forces,  has 
been  the  accepted  basis  for  all  later  research  of  this  phenomenon.  A  more 
precise  insight  into  the  more  specific  conditions  which  produce  cavities 
and  the  mechanisms  whereby  damage  occurs  has  been  offered  by  Eisenberg  (2) 
(3),  by  Naud£  and  Ellis  (4)  and  by  Godfrey  (5),  to  name  a  few.  The  be¬ 
havior  of  materials  in  cavitating  environments  has  been  reported  by 
Rasmussen  (6)  (7),  by  Lichtman  et.  al.  (8)  and  by  others  (9)  (10).  Theories 
have  been  presented  on  mechanisms  which  produce  erosion  and  some  correla¬ 
tions  have  been  made  between  specific  mechanical  properties  and  the  prop¬ 
erty  of  a  material  to  resist  erosion.  In  spite  of  this  intense  research, 
it  is  generally  recognized  that  questions  still  remain  unanswered  relative 
to  the  mechanisms  of  cavitation  erosion  and  the  phenomenon  of  cavitation 
itself. 


However,  it  has  been  necessary  to  satisfy  engineering  design  re¬ 
quirements  and,  in  order  *o  do  so,  the  development  of  data  on  cavitation 
erosion  properties  of  matex.'els  has  proceeded,  as  is  often  the  case, 
ahead  of  scientific  development.  It  is. in  this  area  of  material  develop¬ 
ment  that  the  U.  S.  Naval  Applied  Science  Laboratory  (L'aSL)  has  played  a 
modest  but. long-standing  and  persistent  role.  The  result  has  been  a  large 
catalogue  of  data  on  erosion  properties  most  of  which  has  been  published 
by  Lichtman  et.  al.  (8)  (11)  (12)  and  by  Hydrcnautics,  Inc.  (9).  To  con¬ 
duct  these  material  studies,  well-known  investigational  procedures  were 
adopted  for  the  design  of  various  test  devices  which  now  comprise  the 
Cavitation  Laboratory  at  NASL.  This  paper  describes  these  devices,  some 
of  the  modifications  which  were  made  from  time  to  time  to  meet  needs  of 
specific  studies,  and  some  material  developments  which  evolved. 
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Materials  subject  to  cavitation  erosion  may  be  broadly  classified 
as  those  which  are  structural  and  those  which  provide  a  protective  function 
for  the  structural  material.  Common  examp1 es  of  instances  where  the  struc¬ 
ture  is  exposed  are  in  propellers,  turbine  blades,  pump  parts  and  pipe  fit¬ 
tings.  In  other  instances  such  as  rudders,  foils  and  sonar  domes,  the 
structure  must  be  protected  against  corrosion  and/or  fouling,  ss  well  as 
erosion.  In  such  instances  the  protective  material  may  be  a  non-metallic 
coating,  a  metallic  or  non-metallic  overlay,  or  a  metallic  cladding.  NASL 
studies  have  included  all  of  these  categories  and  have  extended  to  appli¬ 
cation  techniques  when  it  was  recognized  that  this  was  an  important  contri¬ 
butor  to  material  performance,  To  conduct  these  studies,  NASL  has  established 
the  four-unit  laboratory  which  will  be  discussed  in  this  paper. 

Rotating  Disk  Apparatus. 

Apparatus  Description 

The  first  unit  established  at  NASL  was  a  rotating  disk  apparatus 
similar  to  one  used  by  Rasmussen  (6)  (?},  Its  design  and  operation  has  been 
described  by  Lichtman  et,  al„  (8)  (10)  (11).  It  consists  essentially  of 
a  cylindrical  test  chamber  in  which  a  12  inch  diameter  by  1/8  inch  thick 
disk  is  mounted  on  a  shaft  which  is  co-axial  with  the  cylinder.  The  shaft 
is  driven  at  speeds  up  to  3200  rpm  with  a  30  hp  varidrive  motor.  Water  fills 
and  flows  through  the  test  chamber  at  an  observed  flow  rate  under  con¬ 
trolled  pressure  and  temperature.  Figure  4  shows  the  essential  de¬ 
tails.  The  removed  forward  section  in  Figure  4  shows  the  radially  positioned 
stilling  vanes  which  are  intended  to  minimize  the  rotational  flow  induced  by 
the  rotating  disk.  In  operation,  the  location  of  the  disk  in  the  test 
chamber  provides  5/8  inch  clearance  between  the  disk  surfaces  and  the  respec¬ 
tive  front  and  rear  stilling  vanes.  Figure  5  shows  a  test  disk,  with  3/8 
inch  diameter  hole  which  serves  as  a  cavitation  source,  and  a  typical  erosion 
pattern.  Actually,  test  disks  are  prepared  with  multiple  hole  sources  and 
test  sites  located  at  various  radial  distances  to  establish  velocities  up  to 
90  knots  at  3200  rpm.  Other  features  of  the  apparatus  include  a  280-gallon 
open  stilling  tank  which  serves  as  a  means  for  controlling  air  content  of 
the  recirculating  water;  heat  exchangers  for  controlling  water  temperature; 
and  water  flow  controls  for  maintaining  pre-set  pressures  in  the  test 
chamber. 


Typical  Rotating  Disk  Data 

Most  of  the  data  on  cavitation  erosion  resistance  of  materials  col¬ 
lected  at  NASL  over  the  last  ten  years  has  been  acquired  with  the 
rotating  disk  apparatus  These  studies  have  been  conducted  on  protective 
and  structural  materials,  Loth  metallic  and  non-metallic  The  criteria  for 
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evaluation  have  varied,  data  bein.r  reported  in  time  required  to  penetrate  a 
thickness  of  material;  in  amount  of  material  eroded  after  a  specific  expo¬ 
sure;  and  in  time  rate  of  erosion  under  specific  exposure,  A  qualitative 
judging  system,  applicable  to  all  erosion  test  specimens,  was  also  estab¬ 
lished,  and  based  degree  of  erosion  on  an  "order  of  merit"  in  which: 

A  -  represented  no  visible  damage 
B  -  represented  slight  scuffing 
C  -  represented  slight  erosion 
I)  -  represented  extensive  erosion 

Characteristic  erosion  patterns  are  shown  in  the  photographs,  Figures  6  and 
7,  for  elastomeric  coatings  and  for  several  metals,  respectively. 

Typical  data  for  plastic  coatings  and  elastomeric  coatings  are  listed  in 
Tables  1  and  2,  respectively, 

Venturi  Nozzle  Facility 


Facility  Description 

The  high  speed  nozzle  facility  was  designed  and  installed  to  sup¬ 
plement  the  rotating  disk  apparatus  for  studying  the  performance  of  mate¬ 
rials  in  hydrodynamic  environments.  An  advantage  of  this  second  high  speed 
fluid  flow  unit  is  its  more  readily  identified  fluid  velocity  relative  to 
the  test  specimen,  notwithstanding  a  degree  of  boundary  layer  drag.  This 
unit  consists  of  five  -  3/4  inch  ID  nozzles  mounted  on  an  8  inch  pipe 
flange  plate.  The  nozzle  plate  is  bolted  to  an  3  inch  manifold  in  a  6 
inch  line.  The  manifold  in  operation  on  a  6  inch  pipe  line  is  shown  in 
Figure  8.  A  similar  apparatus  has  been  used  by  the  International  Nifckel 
Company  (13)  (14)  in  studying  the  effects  of  high  velocity  fluid  flow  on  cor 
rosion  and  erosion  rates  of  metal. 

The  test  specimen  is  a  1  inch  by  3  inch  by  1/8  inch  thick  metal 
strip,  mounted  in  slots  in  the  nozzle  and  held  in  place  by  a  retaining 
ring  as  shown  in  Figure  9.  A  typical  specimen  may  include  a  3/8  inch 
hole  as  the  cavitation  source  located  upstream  from  a  recess  which  may  hold 
the  material  to  be  evaluated.  Other  specimens  are  prepared  by  completely 
coating  either  or  both  sides  of  the  test  strip,  with  or  without  a  cavitation 
source 


The  facility  is  operated  with  sea  water  under  80  psi  pressure  which 
can  be  increased  to  230  psi  by  a  125  ho  booster  pump.  Water  flow  velocities 
up  to  150  feet  per  second  (90  knots)  are  monitored  by  a  flowmeter  installed 
in  the  6  inch  pipe  line.  Water  temperatures  vary  seasonally  from  45^  to 
75"F,  Pressure  gages  are  located  at  the  manifold  and  in  the  '■>  inch  line. 


147 


Typical  Nozzle  Test  Data 


Specimens  are  examined  for  degree  of  erosion  or  coating  separation 
after  various  periods  of  exposure  to  water  flow.  Examples  of  specimens 
exposed  to  the  nozzle  test  are  shown  in  Figure  10. 

Magnetostriction  Apparatus 

Apparatus  Description 

The  magnetostriction  apparatus  is  in  the  class  of  vibratory  devices 
which  generates  the  cavitation  condition  through  a  low- amplitude,  high- 
frequency  displacement  of  an  immersed  element.  Unlike  water  tunnel  and 
rotating  disk  devices,  the  magnetostriction  apparatus  operates  with  no  water 
flow  other  than  that  developed  adjacent  to  the  driven  element.  The  cavi¬ 
tation  generated  by  the  rapid  fluctuations  of  pressure  under  the  driver  face 
is  very  similar  to  that  generated  at  the  face  of  a  sonar  transducer  or  at 
the  water  jacket  side  of  an  internal  combustion  engine. 

The  NASL  magnetostriction  apparatus  consists  essentially  of  two  sets 
of  transducer  assemblies  for  operation  at  either  6,5  or  13.0  kilocycles 
per  second;  electronic  driving  and  detecting  equipment;  cooling  baths;  and 
specimen  plugs.  The  transducer  assembly  consists  of  a  laminated  nickel 
stack,  a  driving  coil  and  a  stainless  steel  mechanical  transformer  (hom). 

The  driving  equipment  is  an  audio  oscillator  operated  through  a  power  trans¬ 
former,  The  detecting  equipment  to  measure  displacement  amplitude  at  the 
specimen  end  of  the  hom  is  a  pick-up  coil  and  a  calibrated  vacuum  tube 
voltmeter.  The  use  of  an  oscilloscope  to  determine  wave-form  of  the  pick¬ 
up  coil  voltage  has  been  found  helpful  for  detecting  faulty  drive  or  loose 
mechanical  connections  in  the  transducer  system.  The  complete  assembly 
is  shown  schematically  in  Figure  11,  except  that  the  diagram  does  not 
include  the  water  jacket  for  cooling  the  transducer  stack.  During  tests  the 
specimen  beaker  is  immersed  in  a  thermostatically  controlled  bath  for  main¬ 
taining  specific  test  temperatures.  The  mechanical  transformers  available 
for  either  transducer  assembly  are  of  the  exponential  &nd  stepped  hom 
types.  A  material  under  study  is  attached  to  a  cylindrical  plug  which  is 
screwed  into  the  end  of  the  hom  before  test, 

In  conducting  an  erosion  study  the  cylindrical  plug  itself 
may  be  machined  cut  of  the  material  to  be  tested,  or  a  specimen  to  be 
tested  is  attached  to  the  face  of  a  metallic  plug,  Coatings,  overlay  mate¬ 
rials  and  some  cladding  metals  are  tested  by  adhering  the  test  specimen 
to  a  plug  machined  from  the  intended  substrate  material  Plugs  are  5/8  in, 
in  diameter  and  7/8  inch  in  length,  including  a  1/2  inch  threaded  length. 
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Measurements  are  made  at  6.5  or  15.0  kilocycles  per  second,  at  double  ampli¬ 
tudes  of  up  to  3.0  mils  at  the  specimen  face,  with  the  specimen  immersed  ap¬ 
proximately  1/8  inch.  Degree  of  erosion  is  usually  determined  by  weighing 
the  test  plug  before  exposure  and  after  various  intervals  of  exposure  to 
establish  erosion  rate. 

Typical  Magnetostriction  Test  Data 

Typical  erosion  patterns  are  shown  in  Figure  12  for  several  coatings 
exposed  for  2  hours  with  a  1,6  mil  double  amplitude  at  a  13  Kcps  frequency. 
Tests  were  conducted  in  fresh  water  at  70"?,  The  low  erosion  resistant 
specimen  No.  1  showed  the  characteristic  erosion  which  is  dominant  at  the 
center  of  the  specimen,  indicating  greater  intensity  concentrations  in  this 
region.  Perforations  were  noted  at  the  centers  of  specimens  No-  2,  3  and 
4.  Specimens  Nos.  5  and  6  were  slightly  scuffed  by  the  2  hour  exposure 
and  would  be  considered  good  candidates  for  erosion  protection  applications, 
(craters  in  specimen  No,  5  were  in  the  coating  prior  to  test). 

Erosion  of  metal  specimens  are  shown  in  Figure  13  for  a  representa¬ 
tive  range  of  erosion  resistance  characteristics,  The  concentration  of 
erosion  at  the  center  region  of  the  specimen  was  again  noted  Figure  14 
shows  comparative  erosion  versus  time  data  obtained  for  three  metallic 
specimens  tested  by  both  the  magnetostriction  method  and  by  the  rotating 
disk  method.  These  curves  show  the  manner  in  which  materials  can  be  classi¬ 
fied  over  a  range  of  erosion  characteristics:  It  is  also  noted  that  relative 
erosion  intensities  of  the  two  devices  might  have  some  significance  for 
materials  with  moderate  erosion  properties,  ».«  was  noted  for  the  Ti-6A1-4V. 
The  differences  in  erosion  intensities  were  ivss  evident  for  very  high 
(stellite)  and  for  the  very  low  (Ti-TIMET  35A)  erosion  resistant  materials. 
The  higher  erosion  intensity  of  the  rotating  disk  device,  evident  in  the 
Ti -6A1-4V  curves  of  Figure  14,  has  been  noted  in  the  study  of  other  mate¬ 
rials. 

High  Sonic  Pulse  Facility 

Facility  Description 

The  high  sonic  pulse  facility  was  constructed  as  a  result  of  the 
sonar  dome  erosion  problem  mentioned  earlier  in  the  Introduction.  The 
facility  comprises  a  steel  tank  12  feet  long  by  6  feet  wide  by  5  feet  deep; 
a  high  power  piezoelectric  transducer;  a  specimen  holder;  electronic  equip¬ 
ment  for  driving  the  transducer;  meters  for  measuring  trmsducer  input;  a 
conventional  hydrophone;  and  accessory  equipment  fjr  measuring  hydrophone 
pick-up.  The  facility  is  shown  in  Figure  15  It  has  been  used  primarily 
for  development  of  sonar  dome  coatings  but  can  be  used  to  study  erosion 
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resistance  characteristics  of  any  material  which  might  be  intended  for  use  in 
a  cavitation  environment  of  this  type  and  intensity. 


In  operation,  the  panel  to  be  tested  is  centrally  located  relative 
to  the  transducer  and  parallel  to  the  transducer  face  at  a  distance  of  1 
inch,  as  shown  in  Figure  16  A  pulse  train  generator  operated  through  a 
power  amplifier  provides  the  sinusoidal  pulse  signal  to  the  transducer  at  a 
sonar  frequency.,  The  signal  is  pulsed  for  a  4  second  duration  after  each 
26  second  lapse  interval.  The  signal  is  monitored,  by  a  voltmeter  and 
ammeter  at  the  input  to  the  transducer,  to  a  level  which  produces  the  cavi¬ 
tation  at  the  specimen  surface  shown  in  Figure  16  The  transducer  output  is 
picked  up  by  a  conventional  hydrophone  and  its  wave  shape  is  observed  on  an 
oscilloscope  as  an  indication  of  the  quality  of  the  transducer  operation. 

Test  specimens  coated  on  steel  panels,  are  examined  after  periodic  intervals 
of  exposure  to  determine  extent  of  erosion  as  judged  by  the  area  eroded  and 
by  the  degree  of  penetration. 

Typical  Pulse  Facility  Data 

This  facility  has  been  used  exclusively  to  evaluate  erosion  resis¬ 
tance  of  candidate  coatings  for  sonar  dome  application  as  protection 
against  corrosion  and  fouling.  Typic  l  results  obtained  for  a  U,  S.  Navy 
vinyl  paint  and  for  a  neoprene  coating  system  are  shown  in  Figures  17  and 
18,  respectively.  These  results  show  the  effectiveness  with  which  the 
method  will  distinguish  between  a  conventional  coating  and  one  intended  for 
use  in  a  cavitating  environment.  Typical  erosion  resistances  for  various 
coatings,  reported  in  terms  of  eroded  area  after  a  23  hour  exposure,  are 
shown  in  Table  3,  and  indicate  the  range  of  this  technique  for  evaluating 
this  class  of  materials.  It  is  noted  that  although  the  coating  in  Figure 
17  was  penetrated,  probably  well  within  the  23  hour  exposure  period,  there 
was  no  erosion  of  the  mild  steel  substrate  panel.  This  would  indicate  a 
relatively  lower  erosion  intensity  than  found  in  the  rotating  disk  or 
magnetostriction  methods  which  do  produce  considerable  mild  steel  erosion 
in  short  exposure  periods. 

Comparison  of  Facilities 

A  comparison  of  the  four  NASL  facilities  is  outlined  in  Table  4, 
showing  pertinent  details  of  the  various  units.  The  units  may  be  broadly 
characterized  as  either  high  velocity  fluid  flow  or  high  frequency  vibra¬ 
tory  types.  It  is  also  noted  that  a  span  of  operating  conditions  is  covered 
within  the  group-  A  consideration  of  cavitation  intensities  for  the  fluid 
flow  types  would  establish  the  rotating  disk  as  a  higher  intensity  device 
than  the  venturi  nozzle;  and,  in  comparing  vibratory  types,  the  magnetostric¬ 
tion  device  would  have  mu:h  higher  cavitation  intensity  than  the  high  sonic 
pulse  unit 
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The  selection  of  a  method  for  a  material  evaluation  is  based  on 
several  considerations  reflecting  the  intended  purpose  of  the  study.  A 
study  of  a  material  intended  for  use  in  a  highly  turbulent  fluid  flow  environ¬ 
ment  would  be  conducted  in  the  rotating  disk  apparatus,  while  a  sonar  dome 
coating  would  be  most  accurately  evaluated  in  the  magnetostriction  or  high 
sonic  pulse  facilities,  A  study  to  evaluate  effects  of  fluids  on  a  material 
performance  would  be  adequately  and  more  conveniently  conducted  with  the 
magnetostriction  device.  Finally,  studies  of  hydrodynamic  phenomena  can 
be  pursued  more  effectively  with  test  devices  which  together  embrace  a 
degree  of  versatility,  and  such  studies  could  provide  the  clues  to  mechanisms 
of  failure  in  materials. 

A  comparison  of  material  performance  when  evaluated  by  the  various 
techniques,  is  outlined  in  Table  5,  and  shows  a  high  degree  of  correlation 
among  the  test  devices.  Lapse  in  correlation  noted  for  the  neoprene  No,  2 
sheet  could  not  be  explained;  however  a  lack  of  correlation  for  mild  steel 
and  titanium  Ti-6A1-4V  could  reflect  the  differences  in  cavitation  inten¬ 
sities  of  the  respective  facilities  In  general,  both  the  rotating  disk 
and  the  magnetostriction  devices  have  classified  particular  neoprene  formu¬ 
lations  as  the  most  erosion  resistant  non-metal lie  materials,  and  stellite 
6B  as  the  most  erosion  resistant  metallic  material,  It  is  interesting  to 
note  that  these  best  metallic  and  non-metallic  materials  have  similar  cavi¬ 
tation  erosion  resistance  characteristics.  This  similarity' of  performance  for 
materials  so  widely  different  in  mechanical  properties  is  an  indication  of 
the  complexity  of  the  cavitation  phenomenon,  and  provides  a  clue  that 
energy  absorption  studies  may  hold  the  answers  to  erosion  failure  mechanisms. 

Service  Experience  With  Cavitation  Erosion  Protection 

The  screening  of  metallic  and  non-metallic  erosion  resistant  mate¬ 
rials  has  provided  candidates  for  service  applications,  Table  6  lists  some 
of  the  service  applications  made  on  propellers  and  hydrofoils,  and  their 
performance.  Most  of  the  service  trials  to  date  have  had  one  common 
dominant  failure  -  the  failure  to  provide  conclusive  evidence  of  resistance 
to  cavitation  erosion  as  a  result  of  premature  coating  or  overlay  separation. 
Service  trials  have  served  to  demonstrate  the  need  for  high  strength,  water- 
resistant  adhesives  and  for  improved  attachment  techniques. 

An  example  of  service  failure  of  a  propeller  blade  coating  is  shown 
in  Figure  19,  where  extensive  removal  of  a  solvent  type  neoprene  coating 
occurred  and  frustrated  any  cavitation  erosion  resistance  evaluation. 

Figure  ?0  shows  another  exanple  of  the  separation  failuia  of  a  similar  coat¬ 
ing  from  the  nacelles  and  struts  of  the  U  S  Navy  Hydrofoil  FC(H)1  after 
a  relatively  short  period  of  foilbome  operation  A  later  application  of 
Stellite  6B,  as  protective  overlay  in  cavitation  vulnerable  areas  of  the  same 
hydrofoil,  also  separated  from  the  struts  and  foils  when  the  mechanical 
fasteners  and  adhesive  bond  failed 
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It  has  become  apparent  that  further  large  scale  service  trials  must 
await  development  of  improved  adhasives  and  attachment  techniques.  Such  a 
development  effort  is  being  vigorously  pursued  at  NASL  at  present,  using  the 
facilities  described  in  this  paper.  Recently  applied  "patches"  of  cured 
neoprene  sheets  on  the  aft  foil  of  the  PC(H)-l,  using  a  newly  development  ad¬ 
hesive  and  an  improved  bonding  technique,  have  remained  in  place  after 
several  flight  tests. 

Special  Studies 

The  facilities  of  the  Cavitation  Laboratory  at  NASL  have  not  been 
used  exclusively  for  evaluating  cavitation  erosion  resistance  of  materials. 
Several  non- cavitation  studies,  some  conducted  by  making  equipment 
modifications,  have  been  cited  herein  for  general  interest  and  to  indicate 
the  versatility  which  is  available. 

Adhesion 


Recognizing  the  critical  role  of  adhesives  in  attachment  of  protective 
coatings,  dynamic  tests  of  adhesives  has  become  an  important  aspect  of 
cavitation  studies.  Coatings  and  overlays  have  been  adhered  to  disks  of 
the  rotating  disk  apparatus,  without  the  usual  cavitation  sources,  to 
determine  the  mechanical  properties  of  adhesives  in  hydrodynamic  environ¬ 
ments  In  some  instances  the  overlay  was  mounted  on  the  disks  to  determine 
'he  relative  contribution  of  the  design  of  the  joint  to  its  durability  in 
environments  generated  by  speeds  of  vp  to  100  knots.  Results  of  such  studies 
have  contributed  to  the  development  of  high  strength  adhesives,  improved 
bonding  techniques  and  more  reliable  joint  designs. 

Water  Additives 


Various  polymeric  water  additives,  which  acted  as  modifiers  of  water 
flow  characteristics,  were  studied  in  the  rotating  disk  apparatus  and  in 
a  magnetostriction  facility  (16),  Cavitation  erosion  evaluations,  made 
with  and  without  additives,  under  similar  operating  conditions  indicated 
the  relative  effect  of  the  additives  on  erosion  intensity  of  the  test 
facility.  Such  additions  have  been  considered  for  reducing  erosion  in  closed 
circuit  systems;  for  reducing  drag  in  torpedo  operations;  and  for  reducing 
drag  and  erosion  effects  during  hydrofoil  take-off.  The  small  quantity  of 
fluid  required  in  the  magnetostriction  apparatus  is  a  particular  advantage 
for  investigating  effects  of  liquids  on  cavitation  erosion,  permitting  studies 
of  the  type  conducted  at  the  University  of  Michigan  (17)  to  determine  erosion 
of  structural  metals  in  liquid  lithium. 


"Spoiler11  Materials 

"Spoiler"  are  attached  to  the  trailing  edges  of  foils  such  as  propellers 
to  modify  the  wake  characteristics  (vortex  shedding)  of  the  foil,  and  thus 
eliminate  "singing"  of  the  foil,  "Singing"  is  caused  by  vibration  of  the 
foil  induced  by  the  unmodified  wake,  The  rotating  disk  apparatus  was  used 
(18)  to  develop  the  elastomeric  materials  which  resisted  tearing  damage 
when  exposed  to  the  highly  turbulent  wake.  The  "spoiler"  material  studies 
were  conducted  by  replacing  the  rotating  disk  with  the  12  inch,  centrally 
mounted  rotating  foi  shown  in  Figure  21,  Test  materials  were  located  at 
the  trailing  edges  of  the  foils  and  simulated  a  proposed  propeller 
attachment. 


Concluding  Summary 
Review 


It  has  been  the  objective  of  this  technical  presentation  to  provide  a 
glimpse  into  the  cavitation  studies  which  have  been  conducted  at  the  Naval 
Applied  Science  Laboratory  over  the  last  decade.  We  have  shown  how  cavita- 
tion  facilities,  initially  comprising  only  the  rotating  disk  apparatus,  were 
progressively  augmented  with  installation  of  a  magnetostriction  device,  a 
venturi  nozzle  installation  and  a  high  sonic  pulse  facility,  to  establish 
the  integrated  facility  which  we  now  call  the  "Cavitation  Laboratory".  A 
contribution  of  this  Laboratory  has  been  a  massive  catalogue  of  cavitation 
erosion  resistance  characteristics  of  hundreds  of  materials.  Subsequent 
service  applications  of  several  of  the  most  resistant  of  these  materials  for 
erosion  protection  provided  further  insight  into  material  performance  and 
demonstrated  the  existence  of  serious  attachment  problems  which  frustrated 
exploitation  of  the  intended  protective  function.  Consequently,  a  program 
on  development  of  high  strength  adhesives  and  bonding  techniques  applicable 
in  the  field  has  evolved.  The  paper  has  discussed,  briefly,  some  of  the 
facility  modifications  which  have  permitted  adhesive  studies  and  other 
studies  not  directly  related  to  cavitation  erosion 


153 


Future  Prospects 


It  is  anticipated  that  the  Cavitation  Laboratory  will  continue  to 
play  a  role  in  the  evaluation  and  development  of  erosion  resistant  coatings, 
overlays  and  structural  materials .  In  addition,  the  flexibility  and  range 
available  with  the  four  facilities,  existing  as  an  integrated  test  establish¬ 
ment,  will  provide  opportunity  for  more  precise  study  of  material  performance 
in  hydrodynamic  environments,  and  a  deeper  study  of  the  cavitation  phenomenon. 
Studies  will  be  made  to  identify  hydrodynamic  stresses  and  energy  intensities 
for  each  facility,  as  an  approach  to  an  understanding  of  the  mechanisms  of 
erosion  failure.  The  areas  of  future  study  may  be  summarized  as  follows; 

a.  Continued  study  of  erosion  characteristics  of  materials. 

b  Continued  development  of  adhesives  and  ro fined  bonding  techniques. 

c  Study  of  energy  intensities  in  the  test  facilities 

d  Correlation  of  material  performance  with  cavitation  theories. 

e,  Correlation  of  laboratory  data  with  service  data,  related  to 
erosion  intensities  and  material  performance. 
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TABLE  1 


CAVITATION  EROSION  RESISTANCE  OF  PLASTIC 
OOATINHS  IN  ROTATINC  DISK  TESTS 


Material 

Coating 

Thickness 

mils 

Time  to  Erode 
to  Metal  Substrates, 
hrs,  at  150  fps 

Order  of 
Merit 

Epoxy  A 

10 

1 

D 

Epoxy  B 

60 

1 

1) 

Polyester-glass  flake 

15-30 

1/4 

D 

Silicone  resin 

11 

3/4 

D 

Nylon  (f lane-spray) 

28 

8 

D 

Nylon  (fluidized  bed) 

24-27 

18 

C 

Chlorinated  polyether 

40 

1 

D 

Fluorocarbon  (TFE) 

60 

5-1/3 

D 

Composite  anti-corrosive 
and  antifouling  coating 

7 

1 

D 

(vinyl) 
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TABLE  2 


i 

CAVITATION  EROSION  RESISTANCE  OF  ELASTOM5RIC 
COATINGS  IN  ROTATING  DISK  TESTS 


Material 

Thickness,  in. 
of  Coating  in 
Rotating  Disk 
Cavitation  Tests 

Cavitation 

Test 

Exposure 
Period,  hrs 

Degree  of 
Erosion 
at  150  fps 
After  Exposure 
Period 

Order 

of 

Merit 

Neoprene  solvent  A 

0.030 

24 

scuffing 

B 

base,  brush  ap-  B 

plied 

0.025 

17 

scuffing 

B 

Neoprene,  cured  sheet, 
cold-bonded 

0.062 

14 

none 

A 

Neoprene,  in  situ 
cured  and  bonded 

0.060 

10-1/2 

none 

A 

Polyurethane,  A 

0.062 

12 

slight 

C 

liquid  B 

0.018 

12 

severe 

D 

C 

0.062 

12 

none 

A 

Polyurethane  cured  A 

0.060 

14 

none 

A 

sheet,  cold  bonded  B 

0,962 

12 

severe 

D 

Polysulfide,  liquid 

0.062 

12 

severe 

D 

Polysiloxane,  liquid 

0,062 

7 

severe 

D 

Butyl,  cured  sheet, 
cold-bonded 

0.060 

2-1/4 

severe 

D 

Butyl,  in  situ  cured 
and  bonded 

0.060 

12 

severe 

D 

Cis-polybutadiene 
(98%)  cured  sheet, 
cold  bonded 

0.(50 

10 

none 

A 

Polybutadiene  (poly¬ 
sulfide  modified)  in 
situ  cured  and  bonded 

0.060 

13 

severe 

D 

COMPARISON  OF  CHARACTERISTICS  OF  NASL  CAVITATION  EROSION  FACILITIES 
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Liquid  capacity  100  to  230  Open  circuit  400  cc  2500  go.l 

of  apparatus  gal.  only 


TABLE  5 


CAVITATION  RESISTANCE  BY  THE  FOUR  TEST  METHODS 


Order  of  Merit 

Material 

Rotating 

Disk 

Apparatus 

Venturi 

Nozzle 

Facility 

Magneto* 
st  rict  ion 
Apparatus 

High  Sonii 
Pulse 
Facility 

Neoprene  (No.  1)  *  Shoot 

A 

- 

A 

Nooprono  (No.  2)  -  Shoot 

A 

- 

C 

- 

Noopxono  (Solvent  Bose 

B 

. 

B 

B 

Coating) 

Polyurethane  (No.  1) 

D 

aa 

D 

. 

Costing 

Vinyl  (NF-120.  121) 

D 

D 

- 

D 

Coating 

Polyisobutylene  (NF  134) 

D 

m 

m 

D 

Coating 

Mild  Steel 

D 

m 

D 

B 

Titsniun  T1-6A1-4V 

C 

a 

B 

m 

Stellite  6B  (Chron- 

A 

• 

A 

«k 

Cobalt) 

Utslloyed  Ti  TIMET  3SA 

D 

m 

D 

- 

TABLE  6 


SERVICE  f  ERFORMANfE  OF  COATING^' AND  OVERLAY  MATERIALS 


Application 

Site 


Ships' 

Propellers 


Material 

_ Us® _ 

Elastomeric 

Coatings 


Material 


Solvent  Type 
Neoprene 


In  Situ  -  Cured 
SBR 


In  Situ  -  Cured 
Neoprene 


Performance 


Extension  adhesion  separation 
on  suction  and  pressure  faces 
occurred  before  erosion  re¬ 
sistance  could  be  identified. 
Some  blistering  of  coating 
showed  isolated  adhesion 
failure  (Figure  25), 

Adhesion  separation  (5%-75%  of 
inlay  area).  Surface  degrada¬ 
tion.  Only  moderate  erosion 
resistance  because  of  in¬ 
adequate  cure  in  the  field. 
Erosion  correlated  with  ro¬ 
tating  disk  data. 

Adhesion  separation  (35%  of 
inlay  area).  No  erosion  of 
adhered  inlay. 


Hydrofoils  Elastomeric  Solvent-Type 
Coatings  Neoprene 


Static  immersion  -  blistering, 
peeling  due  to  isolated  low 
adhesive  strength,  and  ply-to- 
ply  low  cohesive  strength, 
related  to  method  of  applica¬ 
tion. 


Foil -borne  operation  -  adhesion 
separation  on  aft  foils,  struts, 
nacelles.  Erosion  resistance 
could  not  be  identified  (Figure 
26). 


Cured  Sheet 
Neoprene  (Epoxy) 
Adhesive,  Vacuum 
Bonded  and  Con¬ 
tact  Adhesive) 


No  separation  after  foil -borne 
operation.  Applications  in 
1  sq  ft  patches  on  aft  foil. 

No  erosion  damage. 
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Application 

Site 


TABLE  6 
(CONTINUED) 

Material 

T>T° 

Material 

"  Performed 

Resinous  Poly- 

Satisfactory  on  struts  and 
pressure  faces  of  foils. 

Some  erosion  and  adhesion 
separation  on  suction  faces 
of  foils. 

Plastic 

Coatings 

Vinyl 

Erosion  after  20  minutes 
foil -borne  operation ,  in 
isolated  areas  of  nacelles, 
foils  and  struts. 

Metallic 

Overlays 

Stellite  6B 

Adhesion  separation  and 
failure  of  mechanical 
fasteners  after  foil-borne 
operation  (Figure  27). 
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CAVITATION  EROSION  OF  PROPEUE 


EROSION  OF  VINYL  COATINGS 


FIGURE  2  -  EROSION  OF  VINYL  COATINGS  AFTER  2C  MINUTES  FLIGHT 


FIGURE  4  -  NASL  ROTATING  DISK  CAVITATION  EROSION 
FACILITY 


DAMAGE  OF  ALLOY 


FIGURE  5  -  TYPICAL  EROSION  DAMAGE  OF  METAL  IN  ROTATING 
DISK  APPARATUS  AT  150  FPS. 


FIGURE  6  -  CAVITATION  EROSION  OF  ELASTOMERIC 

COATINGS  IN  ROTATING  DISK  APPARATUS 
AT  ISO  FPS. 
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FIGURE  7  -  EROSION  OF  METALS  IN  ROTATING  DISK 
APPARATUS  AT  ISO  FPS. 


FIGURE  8  -  HIGH  SPEED  EROSION  TEST  FACILITY  (NOZZLE 
TYPE) 


CAVITATION  EROSION  NOZZLE 


FIGURE  9  -  CAVITATION  EROSION  NOZZLE 


EROSION  OF  NOZZLE  SPECIMENS 
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FIGURE  10  -  EROSION  OF  NOZZLE  SPECIMENS 
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FIGURE  11  -  MAGNETOSTRICTION  CAVITATION  EROSION 


FIGURE  12  -  EROSION  OF  COATED  MAGNETOSTRICTION  SPECIMENS 


SPECIMfcNS 


VOLUME  LOSS  -  MICROLITERS 


ROTATING  DISK  TEST-150  FPS  (90  KNOTS) 
^MAGNETOSTRICTION  TEST-15  MILS  I 


TRANSDUCER 


PHOTO  LJKM6-91A 


Vinyl  Antifouling  Topcoat 
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FIGURE  17  -  EFFECT  OF  KICH  SON'IC  PULSE  FIELD 
ON  A  SONAR  DOME  COATING  (NAVY 
VINYL  SYSTEM) 


Pnlyisobutylene 
Antifouling  Topcoat 


PHOTO 


FIGURE  19  -  SEPARATION  OF  NEOPRENE  COATING  FROM  SHIP 
PROPELLER  AFTER  81  DAY  OPERATION 


FIGURE  20  -  SEPARATION  OF  NEOPRENE  COATING  FROM  HYDROFOIL 
NACELLE  AND  STRUT  STUB  AFTER  2-1/2  HR.  FLIGHT 
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UNSOLVED  PROBLEMS  IN  PREDICTING 
THE  BEHAVIOR  OF  CONCRETE 


Bryant  Mather 

U.  S  Army  Engineer  Waterway  Experiment 
Station,  Concrete  Division 
Jackson,  Mississippi 


Introduction 


The  discussions  at  this  symposium  have  as  their  purpose  the  advancement 
of  the  art  of  correlating  characteristics  of  materials  with  the  performance  of 
systems.  The  particular  discussions  at  this  session  involve  the  effects  of 
environment  as  these  interact  with  material  characteristics  to  affect  perform.!!  ce, 
My  title,  "Unsolved  Problems  in  Predicting  the  Behavior  of  Concrete,  "  is  one 
unde”  which  might  be  described  any  or  all  of  the  work  that  has  been  done  and  the 
knowledge  that  has  been  gained  in  the  past  2000  years  concerning  the  selection  of 
concreting  materials  and  mixtures  that  are  intended  to  possess  the  characteristic  s 
needed  to  insure  that  the  resulting  concrete  structures  and  structural  elements 
will  have  the  properties  they  need  to  insure  that  the  systems  in  which  they  are 
incorporated  will  interact  with  the  environments  in  which  they  are  placed  so  as 
to  insure  that  the  systems  will  provide  the  service  for  which  they  were  con:  : ructrd 
to  the  satisfaction  of  those  they  were  intended  to  serve.  It  would  also  be  appro¬ 
priate  to  describe  all  the  projects  and  programs  that  all  the  workers  on  concrete 
research  now  have  in  progress  or  hope  in  the  future  to  undertake  in  all  the  con¬ 
crete  research  laboratories  in  the  world.  On  the  other  hand,  it  seems  pertinent 
to  note  that  the  failure  of  a  system  composed  oi  concrete  structural  elements  to 
give  the  desired  service  frequently  results  from  its  failure  to  have  been  built 
according  to  the  principles  that  were  intended  to  have  been  followed.  Frontinus, 
in  97  A.  D.  ,  after  listing  the  material  characteristics  of  concrete  needed  to 
provide  proper  performance  of  the  aqueduct  system  of  Rome,  laid  the  blame  on 
the  workmen  when  he  wrote,  "All  these  the  workmen  know,  but  few  observe.  " 

In  the  following  sections  cl  this  paper  I  plan  briefly  to  review  what  concrete  is; 
tc.  indicate  how,  because  of  its  nature,  it  may  manifest  an  infinite  range  in  its 
properties;  to  suggest  some  aspects  of  the  infinite  range  of  environmental  effects 
that  any  influence  its  performance;  to  examine  some  feature*;  of  the  state  of 
knowle  dge  of  the  consequences  of  the  interaction  of  concrete  properties  with 
environmental  conditions;  and  finally  to  propose  that  asking  the  proper  questions 
regarding  the  extension  of  this  knowledge  is  a  delineation  of  the  unsolv-  .  piublems 
in  predicting  the  behavior  of  concrete. 

Concrete 


Concrete  is  a  construction  material  that  is  made  by  missing  to  a  degree  of 
homogeneity  ingredients  having  an  infinite  variety  of  properties  of  widely  varying 
significance,  proportioned  in  accordance  with  a  recipe  selected  according  to 
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poorly  defined  rules.  The  ingredients  are  not  uniform,  either  from  place  to  place 
or  batch  to  batch,  or  within  a  batch.  Batches  of  the  mixture  are  transported  by 
one  or  more  of  a  variety  of  methods,  discharged  into  prepared  forms  of  any 
desired  size  or  shape,  which  may  or  may  not  have  previously  been  provided  with 
reinforcing  steel  or  other  items  intended  to  be  surrounded  by  the  concrete,  and 
compacted  so  as  t-'  more  or  less  completely  fill  the  form.  Once  the  form  is  filled, 
the  surface  is  normally  struck  off  and  finished.  The  mass  then  undergoes  spon¬ 
taneous  chemical  and  physical  changes  described  as  setting,  hardening,  develop¬ 
ment  of  strength,  and  volume  change.  During  the  early  stages  of  spontaneous 
activity  of  the  mass,  when  these  changes  are  taking  place  at  the  most  rapid  rates, 
there  is  normally  some  intentional  external  control  of  the  immediate  environment, 
referred  to  as  "curing,  "  intended  to  avoid  what  are  regarded  as  "excessive" 
changes  of  temperature  or  moisture  content.  Once  the  mass  has  gone  through 
its  adolescence,  which  may  be  a  period  of  from  one  to  21  days  --  depending  on 
the  circumstances  --  it  is  then  pretty  much  on  its  own. 

Concrete  is  a  composite  material  consisting  of  two  fundamental  elements: 
aggregate  and  binder  or  matrix,  a  discontinuous  phase  that  can  be  considered 
as  inclusions  in  a  continuous  phase.  The  concrete  with  which  I  am  familiar  is 
that  in  which  the  binder  includes  a  hydraulic  cement,  which  is  generally  portland 
cement.  Another  well-known  type  of  concrete  is  that  in  which  the  binder  is  a 
bituminous  material.  Such  bituminous  concretes  have  their  major  use  in  the 
construction  of  flexible  pavements.  For  convenience,  aggregates  are  considered 
in  two  size  categories,  designated  respectively  fine  aggregat  aid  coarse  aggregate, 
the  separation  being  made  at  the  No.  4  (4? 60 -micron)sieve.  Fine  aggregate  is 
often  spoken  of  as  "sand,  "  and  natural  sands  are  a  principal  kind  of  fine  aggregate, 
but  many  other  materials  are  also  used,  especially  crushed  stone,  crushed  slag, 
mine  tailings,  and  various  ciushcd  sintered  materials.  The  principal  materials 
used  as  coarse  aggregate  are  gravel,  crushed  stone,  crushed  slag,  crushed 
gravel,  and  expanded  clay,  shale,  slate,  or  slag.  For  most  applications,  the 
materials  used  as  aggregates  are  required  to  be  provided  in  specified  ranges 
of  particlc  -size  distribution.  It  is  advantageous  to  use  as  much  aggregate  as 
possible  in  each  unit  volume  of  concrete  so  as  to  reduce  the  volume  of  cement 
required,  which  reduces  cost  and  reduces  the  tendency  to  volume  change. 

Hydraulic  cements  are  materials  that  react  with  water  to  yield  products 
having  cohesiveness  and  continuity.  The  extent  to  which  any  given  cement  develops 
such  properties  in  a  given  period  of  time  depends  on  the  ratio  of  the  volume  of 
cement  to  the  volume  of  water  with  which  it  is  mixed,  the  chemical  activity  of 
the  cement,  and  the  degiee  to  which  the  environment  accelerates  c .•  retards  the 
progress  of  the  reactions.  In  the  case  of  portland  cement,  for  example,  when 
the  ratio  of  water  to  cement  exceeds  about  20  U.  S.  gallons  per  100  pounds  of 
cement,  or  when  the  temperature  of  the  mixture  13  held  below  about  1 1  F,  or 
when  the  mixture  contains  more  than  traces  of  any  of  several  sugars  --  such  as 
sucrose  --in  solution  in  the  mixing  water,  no  significant  development  of  co¬ 
hesion  or  continuity  will  take  place. 
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Properties  of  Concrete 


Concrete  has  been  and  may  at  will  be  produced  to  possess,  in  its  final 
stable  mature  state,  any  of  an  infinite  range  of  properties.  It  may  weigh 
anywhere  from  as  little  as  10  lb/cu  ft  to  over  300  lb/cu  ft.  The  exceedingly 
lightweight  concretes  are  produced  using  air  or  some  other  gas  as  the  major 
aggregate;  the  exceedingly  heavyweight  concretes  are  produced  using  pieces 
of  metal  as  aggregate.  Both  of  these  extreme  classes  have  their  major  uses 
in  connection  with  nuclear  applications;  the  former  for  blast  shock  mitigation; 
the  latter  for  radiation  shielding.  Concrete  may  be  produced  that  will  set, 
harden,  and  develop  ultimate  unconfined  compressive  strengths  ranging  from 
a  very  few  pounds  per  square  inch  tc  as  much  as  20,  000  psi.  The  very  low- 
strength  concretes  are  usually  produced  from  mixtures  of  high  gas  content 
and  high  water  to  cement  ratios;  the  very  high  strength  concretes  require  low 
water  to  cement  ratios  and  aggregates  that  themselves  have  high  strength.  The 
rate  of  hardening  may  be  varied  within  wide  limits.  A  mixture  may  be  produced 
that  sets  and  hardens  in  a  few  seconds  or  minutes,  usually  as  a  result  of  the  u3e 
of  a  chemical  accelerator;  or,  by  the  use  of  appropriate  amounts  of  a  chemical 
retarder,  the  mixture  may  remain  semifluid  and  remoldable  for  many  hours  or 
days;  lesser  degrees  of  acceleration  and  retardation  are  produced  by  changes 
in  composition  of  the  cement  or  by  changes  in  the  ambient  temperature  or  both. 

The  foregoing  comments  concern  properties  that  can  be  varied  at  will-- 
controllable  performance.  More  significant  to  most  engineering  uses  of  concrete 
are  variations  in  properties  that  affect  performance  but  that  occur  without 
having  been  intended  or  predicted. 

One  may  encounter  an  apparently  continuous  volume  of  concrete  in  service 
of  which  a  portion  exhibits  observably  different  behavior  from  an  adjacent 
portion,  thus  indicating  a  nonuniforrnity  either  of  properties  of  the  concrete  or 
of  the  environment.  If  it  can  be  shown,  or  assumed  with  confidence,  that  the 
environment  has  been  uniform,  one  seeks  the  explanation  of  the  difference  in 
behavior  from  a  difference  in  properties  of  the  concrete.  However,  before  a 
meaningful  assessment  of  significance  of  differences  in  concrete  properties  can 
be  made,  it  is  first  necessary  to  develop  a  hypothesis  concerning  the  kind  of 
environmental  interaction  that  produced  the  observed  effects. 

Environmental  Effects 

The  en/ironments  in  which  concrete  serves  possess  a  wide  variety  of 
properties  that  interact  with  the  properties  of  the  concrete  and  result  in  behavior. 
Further,  the  properties  of  the  environment  interact  with  each  other.  For  example, 
two  major  environmental  influences  are  temperature  and  moisture,  which  together 
induce  temperature  change  and  moisture -content  change  in  concrete.  Temperature 
change  in  the  environment,  per  se,  within  ranges  where  none  of  the  constituents  of 
the  concrete  undergo  changes  of  phase  or  state,  interacts  with  concrete  to  produce 
temperature  change  o<‘  the  concrete  that  is  manifested  in  behavior  as  volume 
change  proportional  to  the  coefficient  of  thermal  expansion  of  the  concrete.  The 


behavioral  consequences  of  such  volume  change  can  be  quite  significant,  depending 
on  the  requirements  for  volume  stability  of  the  structure  or  structural  element, 
its  restraint,  its  dimensions,  the  degree  ‘o  which  it  has  been  provided  with 
expansion  and  contraction  joints,  the  degree  to  which  cracking  is  significant  to 
satisfactory  rendering  of  the  service  expected  of  it,  and  so  forth.  However, 
the  consequences  of  temperature  change,  per  se,  on  behavior  generally  are 
less  significant  than  those  of  temperature  changes  accompanied  by  moisture- 
content  changes,  since  a  reduction  of  environmental  temperature  to  levels 
below  the  freezing  point  of  water  following  a  development  of  high-moisture 
content  may  cause  destruction  of  the  concrete  as  the  water  in  its  large  perme¬ 
able  pore  spaces  undergoes  the  volume  change  accompanying  the  change  of 
state  to  ice. 

Other  major  properties  of  the  environment  include  loading,  abrasion  and 
chemical  attack. 

Interactions  Affecting  Behavior 


From  the  foregoing  comments  on  the  nature  of  concrete,  the  characteristics 
that  it  may  possess,  and  the  environmental  effects  that  may  influence  its  behavior, 

I  believe  that  it  is  clear  that  the  performance  or  behavior  of  a  system  in  which 
concrete  is  used  --  or  the  performance  or  behavior  of  the  concrete  in  that  system 
--  can  be  shown  to  be  controlled  in  a  manner  illustrated  by  Fig.  1. 

The  kind  of  performance  desired  depends  on  the  criteria  of  acceptability  for 
the  system.  Surface  defects ,  cracks,  deflections,  removal  of  surface  layers , 
corners,  or  edges  can  be  tolerated  to  much  greater  degrees  in  the  service  of  some 
systems  than  others.  No  concrete  is  inert  and  unchanging.  In  the  real  world  all 
substances  alter  with  time  and  exposure.  Thus  the  first  step  1.  to  select  criteria 
of  acceptability  of  performance  of  the  system,  and  hence  for  the  concrete.  A 
great  deal  of  confusion  and  even  bitterness  that  is  encountered  in  many  different 
confrontations,  ranging  from  those  of  the  home  owner  and  the  home  builder  to 
those  of  the  Secretaries  of  Commerce  and  Transportation  and  the  House  Committee 
on  Public  Works  could  be  avoided,  or  at  least  reduced,  if  these  criteria  were 
adequately  defined  and  agreed  upon  before  any  system  was  created.  Assuming 
that  criteria  of  adequacy  have  been  selected,  it  is  then  necessary,  as  Fig,  1 
indicates,  to  consider  the  environmental  effects  under  which  these  criteria  must 
be  achieved,  to  select  the  properties  of  the  concrete  that  will,  when  it  interacts 
with  these  environmental  effects,  give  the  desired  performance,  and  thus  to 
select  the  specification  requirements  for  the  work.  The  diagram  suggests  that 
specification  requirements  fall  into  three  categories:  properties  of  cor  stituent 
materials,  proportions  thereof,  and  construction  practices.  In  many  cases  it 
is  preferable  to  specify  concrete  properties  rather  than  materials,  proportions, 
and  practices ,  but  it  should  be  recognized  that,  when  this  is  done,  it  merely 
transfers  the  responsibility  tc  others  to  set  appropriate  requirements  on  these 
elements . 
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Let  us  consider  a  hypothetical  example.  For  the  past  30  years  v.e  have 
maintained  an  exposure  station  for  concrete  at  the  mean-tide  level  on  the 
Atlantic  Coast  near  Eastport,  Maine.  Specimens  thert  are  immersed  in  sea 
water  twice  a  day  as  the  tide  rises  above  mean  and  are  exposed  to  the  air  when 
the  tide  falls  below  mean.  From  periodic  observation  of  changes  and  non¬ 
destructive  tests  for  resonant  frequency  and  compressional  wave  velocity,  the 
changes  in  concrete  properties  are  monitored  as  they  are  affected  by  this 
environment.  Now  suppose  it  were  determined  that  a  navigation  lock  were  to 
be  built  on  the  St.  Croix  River  near  Calais,  Maine,  and  the  design  called  for 
a  life  of  about  50  ft,  a  lock  chamber  about  100  ft  deep,  having  gravity  section 
walls  founded  on  rock.  Let  us  further  assume  that  navigation  through  thi-.  lock 
would  continue  from  April  until  November  each  year,  that  each  winter  when 
navigation  had  stopped,  the  lock  would  be  pumped  out,  inspected,  maintenance 
work  vvoa'd  be  done,  and  the  lock  would  be  rewatered  the  following  April  tc  be 
ready  for  resumption  of  traffic. 

The  first  steps  to  be  taken  should  be  to  develop  quantitative  data  on  the 
properties  of  concreting  materials  available  within  economic  range,  data  on 
the  performance  of  concrete  made  with  these  materials,  data  on  the  perform¬ 
ance  of  concrete  in  similar  service  elsewhere,  and  data  on  the  environmental 
effects  that  the  concrete  should  withstand  in  service  in  the  proposed  system. 

The  next  phase  of  the  study  should  be  to  develop  concrete  mixtures,  to  select 
construction  practices,  and  to  test  concretes  prepared  according  to  these 
mixtures,  using  these  practices  to  determine  their  relevant  properties  and  to 
observe  their  behavior  as  they  interact  with  the  appropriate  environmental 
influences  in  simulated  service  testing.  Finally,  specifications  would  be  pre¬ 
pared  and  ths  system  constructed. 

The  relatively  unique  feature  of  the  environment  that  would  need  to  be 
given  greatest  attention  in  this  case  io  the  evaluation  of  the  effect  upon  the 
concrete  of  its  exposure  to  the  air  from  November  to  April  each  winter  following 
the  water  soaking  it  received  from  April  to  November  each  year.  When  our 
studies  at  the  exposure  station  near  Eastport  were  begun,  there  was  no  com¬ 
bination  of  materials,  mixture  proportions,  and  construction  practices  that  we 
knew  how  to  specify  that  would  produce  concrete  that  could  be  used  to  make  test 
specimens  that  could  be  placed  thereon  in  November  with  any  assurance  that  by 
April  they  would  be  other  than  in  a  state  of  complete  disintegration.  Soon  we 
found  that  concretes  made  with  some  cements  lasted  longer  than  those  made 
with  others;  concretes  made  with  some  aggregates  lasted  longer  than  those 
made  with  others;  concretes  made  to  some  mixture  proportions  lasted  longer 
than  others,  and  so  on;  however,  the  major  finding  was  that  any  concrete  could 
be  given  the  greatest  improvement  in  frost  resistance  if  it  were  mixed  with  a 
foaming  agent  that  caused  air  voids  to  be  disseminated  through  the  binder  so 
that  the  spacing  of  the  bubbles  was  not  greater  than  0.  008  in. 

Thus,  as  we  would  select  specifications  requirements  for  the  concrete  to 
be  used  in  this  system,  we  would  prepare  requirements  for  the  aggregate  to 
limit  the  selection  to  materials  having  properties  similar  to  those  that  gave 
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better  service  in  actual  use  in  the  region  and  in  the  simulated  service  tests;  we 
would  impose  similar  requirements  on  the  cements;  we  would  require  mixture 
proportions  to  be  uted  that  had  done  likewise,  and  we  would  require  the  incor¬ 
poration  of  an  air -entraining  admixture  shewn  to  have  the  property  of  providing 
the  desired  level  of  entrained  air  in  the  paste. 

Doing  all  these  things  will  greatly  improve  the  probability  that  the  system 
will  provide  satisfactory  performance.  However,  recent  work  has  revealed  that 
this  would,  in  this  case,  not  necessarily  be  sufficient,  because  concrete  is  a 
material  that,  when  incorporated  into  the  system  of  which  it  is  to  be  a  part,  is 
a  fluid  mixture  which  only  develops  its  significant  properties  over  time  after 
placement,  and  the  rate  at  which  these  develop  is  itself  a  function  of  the  inter¬ 
action  of  the  properties  of  the  concrete  and  those  of  the  environment.  All  the 
specimens  that  have  been  put  on  the  test  rack  near  Eastport  were  fabricated  and 
cured  elsewhere,  in  a  different  environment,  and  installed  there  in  a  relatively 
mature  condition.  After  installation,  no  one  of  them  has  ever  been  exposed  to 
temperatures  below  freezing  for  more  than  about  six  hours,  since  there  are  two 
tide  cycles  per  day.  The  hypothetical  lock  is  to  be  constructed  in  this  environ¬ 
ment,  and  the  concrete  is  to  be  exposed  to  the  winter  air  all  winter.  The 
significance  of  these  factors  becomes  apparent  only  after  some  fundamental 
considerations. 

The  increase  in  volume  undergone  by  water  during  its  change  of  state  from 
liquid  to  solid  is  about  9  percent.  Water  will  not  undergo  this  change  at  its 
normal  freezing  point  if  it  is  either  under  other  than  normal  pressure,  contains 
dissolved  salts,  or  is  present  in  pores  of  sufficiently  small  size.  It  is  thus  not 
possible  to  freeze  all  the  water  in  any  concrete,  no  matter  how  low  the  temperatu? » 
may  fall,  and  conversely,  the  lower  the  temperature  --  and  the  longer  the  ambient 
temperature  remains  at  a  given  low  level  --  the  more  of  the  water  in  a  given 
concrete  will  freeze.  Data  now  are  available  showing  that  at  our  exposure  station 
near  Eastport  the  ambient  temperatures  that  are  encountered  and  the  duration  of 
exposure  of  the  concrete  to  them  are  such  that  substantially  none  cf  the  water  in 
any  concrete  that  is  much  more  than  one  foot  from  the  surface  of  the  concrete  ever 
freezes.  Similar  data  suggest  that  a  very  large  specimen  in  the  same  environment, 
exposed  at  a  location  above  high  tide,  might  during  a  typical  winter  experience 
temperatures  below  28  F  to  depths  of  as  much  as  6  ft  below  the  surface. 

Concrete  is  a  permeable  material.  If  a  pore  in  concrete  is  more  than  91% 
filled  with  water  and  the  temperature  of  that  water  falls  below  its  freezing  point, 
part  of  the  water  will  freeze  and  undergo  an  increase  in  volume.  The  remaining 
unfrozen  water  will  be  placed  under  hydrostatic  pressure  and  will  tend  to  move 
through  the  permeable  pore  space  to  regions  of  lower  pressure  or  into  other  pores. 
If  the  thermal  gradient,  the  cooling  rate,  the  rate  of  frost  penetration  are  low; 
the  permeability  high;  the  duration  of  exposure  to  freezing  temperatures  short, 
the  concrete  may  experience  no  adverse  effects,  even  if  a  substantial  portion  of 
its  pores  that  are  of  a  size  large  enough  to  contain  freezable  water  are  more  than 
91  percent  filled,  since  the  excess  may  be  able  to  escape  toother  regions. 
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Another  factor  that  influences  the  response  of  criv  cally  saturated  concrete 
to  freezing  is  the  strength  of  the  solid  material.  This  influence  is  difficult  to 
evaluate  separately  from  other  variables,  since  the  processes  by  which  concrete 
increases  in  strength  are  processes  which  concomitantly  reduce  the  quantity  of 
freezable  water,  reduce  the  fractional  volume  of  pore  space  of  3izes  capable  of 
containing  freezable  water,  and  reduce  permeability.  Thus,  when  it  is  observed 
that  concrete  becomes  more  frost  resistant  with  increasing  maturity,  and  in¬ 
creasing  strength,  it  is  difficult  to  assess  the  degree  to  which  the  increased  frost 
resistance  results  from  increased  tensile  strength  of  the  material  making  up  the 
walls  of  the  pores  that  are  critically  saturated,  from  the  decrease  in  fractional 
volume  of  such  pores,  or  from  the  decrease  in  saturation.  It  has  been  shown, 
for  example,  that  in  the  absence  of  an  external  source  of  water  entering  the 
concrete,  a  concrete  should  have  the  water  content  of  its  originally  water-filled 
spaces  reduced  below  critical  saturation  and  thus  become  frost  resistant  upon 
achieving  the  degree  of  maturity  indicated  by  the  development  of  an  unconfined 
compressive  strength  of  500  psi.  Other  studies  have  shown  that,  where  there  is 
an  external  source  of  water  --  and  perhaps  other  complicating  environmental 
effects  --  as  at  the  surface  of  a  pavement  to  which  deicing  chemicals  are  applied, 
otherwise  good,  properly  air -entrained  concrete  will  only  achieve  frost  resistance 
when  it  has  matured  to  the  extent  indicated  by  having  achieved  and  confined  com¬ 
pressive  strength  of  4500  psi. 

To  return  to  the  hypothetical  lock  at  Calais,  Maine,  it  is  the  indication  of 
very  recent  studies  that  concrete  subjected  during  a  period  of  seven  or  eight 
months  to  a  hydrostatic  head  of  about  50  ft  and  thereafter  exposed  for  four  or  five 
months  to  severe  winter  air  temperatures  needs  to  have  matured  to  the  compressive 
streng  h  level  of  about  4000  pei  if  it  is  to  be  frost  resistant,  even  if  all  other 
appropriate  precautions  are  taken  in  the  selection  of  materials,  mixture  propor¬ 
tions,  and  construction  practices,  including  the  provision  in  the  binder  of  a 
satisfactory  air -void  system.  In  the  absence  of  data  such  as  those  just  mentioned, 
it  is  unlikely  that  specifications  for  a  system  in  which  structural  loadings  do  not 
require  strengths  above,  say,  2000  psi  would  insure  the  use  of  concrete  mixtures 
that  develop  4000-psi  compressive  strength  prior  to  freezing  of  the  concrete  in  the 
soaked  condition. 

Before  leaving  the  discussion  of  interactions,  I  would  like  to  point  out  that 
the  sort  cl  approach  suggested  in  this  discussion  is  being  taken  not  only  by  workers 
concerned  with  the  performance  of  concrete  as  a  material  but  also  by  some  of 
those  concerned  with  the  behavior  of  structural  elements  composed  of  concrete. 
Recently  I  received  for  review  the  final  report  of  an  extensive  research  project 
concerned  with  the  time -dependent  volume  change  of  concrete  due  to  sustained 
load.  The  report  begins  with  the  statement:  "Concrete  possesses  many  behavioral 
properties  which  are,  as  yet.  not  thoroughly  understood  or  even  completely  defined. 
When  used  as  a  structural  material,  the  problems  associated  v/iih  this  lack  of 

understanding  have,  to  date,  been  solved  by  empirical  methods . The 

phenomenon  of  creep  --  time  dependent  volume  change  due  to  load  --  remains  as 
a  classic  example . Extensive  tests  aimed  at  studying  the  time -dependent 
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deformation  of  loaded  and  unloaded  concrete  have  continued  since  the  first  decade 

of  this  century . numerous  hypotheses  have  been  presented  which  attempt  to 

explain  creep . If  one  were  to  list  all  the  parameters  affecting  creep  of  con¬ 

crete,  one  needs  list  all  the  items  associated  with  the  manufacture  and  utilization 
of  this  material.  ...  In  addition  to  the  obvious  interrelated  effects  of  different 
mixture  proportions,  constituent  materials,  curing  conditions,  and  stress  con¬ 
ditions,  are  factors  such  as  moisture  exchange  and  variation,  temperature  change 
and  variation,  specimen  size  and  chape,  and  admixtures.  When  one  considers  the 
complexity  oi  concrete  and  its  time -dependent  structural  and  chemical  non-homo¬ 
geneity,  the  conclusion  that  any  change  in  its  composition  or  its  environment  will, 
as  a  consequence,  affect  its  volume  stability  is  inescapable.  The  parameters 
which  are  significant,  though  inseparable  in  actuality,  will  be  dealt  with  under 
eleven  general  categories.  " 

Further  along  in  the  report  we  find  the  conclusion  that  the  primary  influence 
of  aggregate  is  in  its  restraining  effect  on  the  potential  volume  instability  cf  the 
products  of  hydration  of  the  cement.  Variations  in  aggregate  particle  size  and 
grading  permit  use  of  leaner  mixtures.  Different  types  of  aggregate  present 
varying  degrees  of  restraint,  which  depend  on  their  moduli  of  elasticity.  The 
pore  character  of  the  aggregate  indicates  the  amount  of  water  than  can  be  absorbed, 
the  rate  of  absorption  and  drying. 

After  reviewing  the  effects  of  all  11  categories  of  paramenters,  the  report 
states:  "The  ideal  prediction  method  would  be  one  which  would  include  all  the 
possible  variables.  .  .  however  this  approach  is  not  practical.  Effects  of  variables 
such  as  mixing  time  and  consolidation,  for  example,  cannot  be  included,  since  the 
range  of  these  factors  is  not  known.  Whether  concrete  may  be  considered  an  ideal 
composite  hard  material  or  an  ideal  composite  soft  material  has  been  questioned. 

It  lias  been  shown  that  for  concretes  using  normal  weight  aggregates  the  behavior 
is  that  of  a  composite  soft  material,  that  is,  the  compliances  are  added.  The 
cement  paste,  on  the  other  hand,  can  be  considered  a  composite  hard  material.  " 

Time-dependent  volume  change  due  to  load  is  only  one  facet  of  concrete 
behavior  and,  indeed,  often  a  minor  facet.  Our  laboratory  has  conducted  creep 
studies  largely  to  provide  a  basis  for  more  accurately  estimating  the  stress  in 
concrete  structures  from  measurements  of  strain. 

Unsolved  Problems 

In  my  introductory  comment  I  proposed  that  the  asking  of  the  proper  questions 
regarding  the  extension  of  knowledge  of  the  consequences  of  the  interaction  of  con¬ 
crete  properties  with  environmental  conditions  would  delineate  the  unsolved 
problems  in  predicting  the  behavior  of  concrete.  As  is  true  of  all  aspects  of  the 
search  for  truth,  the  really  difficult  problem  is  asking  the  proper  questions.  Last 
year  more  than  three  billion  tons  of  concrete  were  produced  --  one  ton  for  every 
living  human  being.  Concrete,  being  ancient  and  ubiquitous,  is  assumed  to  be 
understood  when  actually  we  still  do  not  understand  the  mechanisms  by  which  it 
gains  its  strength,  and  we  still  do  not  have  adequate  theories  to  predict  deformation 
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or  failure.  I  believe  we  need  to  ask  questions  concurrently  on  a  variety  of 
levels,  and  we  need  to  encourage  workers  trained  in  a  wide  range  of  disciplines 
to  approach  these  questions.  We  need  to  ask  why  the  constituents  of  cements 
react  with  water,  how  their  atomic  structure  and  its  defects,  dislocations,  and 
substituents  influence  the  rate  and  consequences  of  these  reactions.  We  need  to 
ask  how  the  products  of  these  reactions  acquire  their  cohesiveness,  continuity, 
strength,  volume  stability,  and  chemical  resistance  and  what  modifies  these 
properties  in  what  directions  and  to  what  degrees.  We  need  to  ask  questions  about 
all  the  kinds  of  rock  <  and  minerals  in  the  earth's  crust  that  turn  up  as  concrete 
aggregate  constituents  --  questions  relevant  to  the  contribution  of  the  properties 
of  these  materials  to  the  properties  of  concrete  --  questions  relevant  to  the 
interaction  of  the  properties  of  these  materials  when  incorporated  as  inclusions 
in  a  cementitious  matrix  with  the  properties  of  the  environment  in  which  the 
concrete  serves.  To  date  most  of  these  questions  have  been  approached  by  pure 
trial  studies.  One  takes  the  cement  one  has  and  the  aggregates  one  has  and  makes 
concrete  according  to  the  recipe  one  has;  all  of  which  one  may  have  gotten  from 
his  grandfather.  If  he  is  a  researcher,  he  may  weigh  the  ingredients  with  greater 
care,  and  he  may  pay  more  concern  to  the  "cleanness"  of  the  ingredients  than  if 
he  is  a  constructor  of  sidewalks.  But  the  researcher,  if  he  elects  --  or  is 
directed  --to  investigate  the  interaction  of  concrete  with  temperature,  or  with 
neutrons,  or  with  paper  mill  waste,  will  normally  make  concrete  test  specimens, 
will  expose  these  to  the  existing  influences  or  simulations  thereof  in  the  laboratory, 
and  report,  in  due  course,  that  recipe  "A"  yielded  the  most  commendable  behavior 
and  recipe  "N"  the  least  commendable.  Seldom  will  he  learn  why. 

I  suggest,  therefore,  that  the  unsolved  problems  are  unsolved  because  we  do 
not  yet  know  why  concrete  behaves  as  it  does. 

In  conclusion,  I  wish  to  explain  briefly  why  I  did  not  discuss  the  utility  and 
application  of  the  specific  techniques  of  testing  that  are  in  use  in  the  study  of 
concrete.  We  have  a  battery  of  such  tests  ranging  from  the  simple  to  the  highly 
sophisticated  and  from  the  well  known  to  the  very  poorly  understood.  However, 
these  are  used  to  measure  properties  of  concrete  not  to  predict  behavior.  The 
most  widely  employed  nondestructive  procedure  is  looking  at  concrete  with  the 
human  eye,  a  technique  about  the  employment  of  what  a  large  book  could,  and 
should,  be  written.  The  most  widely  employed  group  of  procedures  that  are 
described  as  "nondestructive  tests"  are  those  that  do  not  measure  strength  but 
are  believed  to  measure  something  related  to  strength  that  may  be  used  to  estimate 
strength..  These  include  a  variety  of  techniques  for  determining  one  or  another 
resonant  frequency  of  vibration;  for  determining  the  velocity  of  propagation  of 
one  or  another  type  of  mechanical  disturbance,  most  frequently  a  comprestional 
wa\e;  and  for  determining  the  rebound  of  a  hammer  or  pendulum.  To  the  extent 
that  these  provide  a  basis  for  calculating  approximate  values  for  such  mechanical 
properties  as  Young’s  modulus,  or  shear  modulus,  or  Poisson's  ratio,  or  co¬ 
efficient  ut  restitution,  they  are  useful;  what  is  lacking  is  an  appreciation  of  the 
relation  of  these  prope r ties  to  most  kinds  of  behavior.  Other  nondestructive 
procedures  include  radiography  and  the  use  of  electrical  or  magnetic  fields  to 
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indicate  the  location  of  voids  or  inclusions  such  as  reinforcing  steel;  the  use  of 
electrical  resistance,  electrical  conductance,  neutron  attenuation,  nuclear 
magnetic  resonance,  microwave  attenuation  or  change  in  wave  form,  or  other 
techniques  to  measure  moisture  content;  the  use  of  gamma  radiation  to  measure 
density;  the  use  of  a  wide  variety  of  embedded  sensors  to  measure  stress,  strain, 
moisture  content,  temperature,  pore -water  pressure,  internal  relative  humidity, 
and  such  properties.  Perhaps  this  is  what  I  should  have  described  here  today. 
However,  I  have  chosen  rather  to  discuss  what  we  might  one  day  do  with  these 
bits  of  information  rather  than  how  we  today  obtain  them. 


THE  CANTILEVER -BEAM  STRESS -CORROSION  CRACKING  TEST 
A  NEW  PHILOSOPHY  IN  CORROSION  TESTING 


M.  H.  Peterson 

U.  S.  Naval  Research  Laboratory- 
Metallurgy  Division 
Washington,  D.  C. 

Traditionally,  susceptibility  to  stress -corrosion  cracking  (SCC)  has  been 
determined  by  exposing  stressed  specimens  to  a  corrosive  environment  and 
observing  the  time-to-failure.  Specimen  geometry  has  varied  widely  from 
investigator  to  investigator  as  has  the  method  of  applying  stress.  Investigative 
methods  range  from  cylindrical  tensile  specimens  stressed  in  a  tensile  machine, 
through  a  variety  of  flat  bend  specimens  constrained  in  two,  three,  or  four 
point  loading  jigs,  to  U -bend  specimens  which  have  been  deformed  by  bending 
around  a  mandrel.  Most  of  the  data  in  the  literature  was  developed  for  smooth 
specimens  with  no  stress  raiser.  There  are,  however,  some  data  for  notched 
cylindrical  specimens  stressed  in  tensile  machines,  but  this  is  a  relatively 
expensive  method  of  developing  such  data.  Almost  without  exception  the 
criterion  used  to  establish  the  severity  of  SCC  has  been  the  time-to-failure 
for  the  stressed  specimen. 

The  traditional  test  methods  have  two  major  drawbacks.  Because  of  the 
highly  varied  geometries  and  stress  fields  used,  it  has  proved  difficult  or 
impossible  to  meaningfully  compare  the  data  reported  by  the  various  investigators. 
A  second,  and  possibly  more  serious,  drawback  has  been  the  widespread  use  of 
smooth  specimens.  Stress-corrosion  cracking  usually  will  not  take  place  until 
a  stress  raiser  has  been  formed,  often  as  a  corrosion  pit.  The  time-to-failure 
is,  therefore,  more  often  a  measure  of  the  relative  susceptibility  to  pitting  than 
an  index  of  the  susceptibility  of  the  alloy  to  SCC.  For  a  metal  such  as  titanium, 
which  does  not  pit  in  the  experimental  environment,  the  use  of  smooth  specimens 
will  lead  to  the  erroneous  conclusion  that  an  alloy  is  immune  to  stress  corrosion. 

The  cantiiever-beam  precracked  stress -corrosion  test  developed  at  the 
Naval  Research  Laboratory  by  B.  F.  Brown  (1)  does  not  suffer  from  these  limita¬ 
tions,  and,  as  will  be  shown,  there  are  additional  advantages  in  using  this  test 
method.  The  specimen  used  is  shown  in  P  ig.  la.  A  bar  specimen  is  center 
notched  and  th>  n  fatigued  (usually  by  bending)  until  a  fatigue  crack  is  generated 
at  the  root  of  the  notch.  This  fatigue  crack  acts  as  an  extremely  efficient  stress 
i  aiser. 

Susceptibility  to  SCC  is  determined  by  measuring  first  the  moment  required 
to  fracture  a  precracked  specimen  in  air,  and  then  the  moment  required  to  frac¬ 
ture  a  similar  specimen  surrounded  by  the  corrodent  of  interest.  A  relatively 
simple  and  inexuensive  apparatus  of  the  type  shown  in  Fig.  2  is  adequate  for 
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these  determinations.  The  size  and  design  of  the  apparatus  is  dictated  by  the 
size  of  the  specimen  under  study  and  the  moment  required  for  the  dry  break. 

As  SCC  is  a  relatively  slow  process  in  some  metals,  it  is  convenient  to 
be  able  to  know  whether  the  crack  is  growing  without  waiting  for  the  specimen 
to  break.  One  method  of  determining  crack  propagation  is  to  monitor  the 
deflection  at  the  end  of  the  cantilever  beam  with  a  dial  micrometer.  However, 
a  simple  extensometer  of  the  type  shown  in  Fig.  3  has  proved  to  be  more  precise 
and  less  subject  to  extraneous  deflections. 

The  main  departure  which  distinguishes  the  cantilever -beam  stress - 
corrosion  test  from  traditional  tests  is  not  the  use  of  the  cantilever -beam 
specimen  but  the  method  used  to  reduce  the  data.  By  using  the  concept  of 
stress  intensity  rather  than  the  gross  nominal  stress,  it  is  possible  to  apply 
fracture  mechanics  to  SCC.  An  index  of  the  susceptibility  to  SCC  is  obtained 
which  is  independent  of  the  specimen  ge<  netry  and,  within  limits,  specimen 
size.  The  principal  restriction  on  specimen  size  is  that  for  each  metal  and 
each  strength  level  *  -’re  is  a  minimum  specimen  thickness  which  must  be 
reached  before  th  5  ir^jture  mechanics  equations  are  valid.  Details  of  the 
geometric  conditions  wl  ich  must  be  met  may  be  found  in  reference  1. 

Figure  la  shows  thj  fracture  mechanics  equation  developed  by  Kies  (2) 
to  describe  the  stress  intensity  (expressed  in  ksi  -Jin. )  at  the  root  of  a  crack 
in  a  cantilever  specimen.  This  equation  was  developed  to  describe  the  fracture 
toughness  index,  K.jc,  for  a  specimen  broken  dry.  Kjc  is  used  to  denote  frac¬ 
ture  toughness  indices  determined  under  carefully  controlled  conditions  which 
are  not  fully  met  by  the  simple  cantilever -beam  experiments.  For  this  reason, 
one  will  find  in  the  literature  the  expression  K^,  which  denotes  an  estimate  of 
the  fracture  toughness  index  under  conditions  less  rigorous  than  prescribed  by 
fracture  mechanics  for  a  highly  accurate  determination  of  Kjc.  Kjacc  is  used 
to  designate  the  stress  intensity  required  to  propagate  stress-corrosion  cracks. 

To  illustrate  the  method  of  estimating  the  stress  intensity  required  to 
propagate  a  stress-corrosion  crack,  the  data  (shown  in  Fig.  4)  from  a  paper 
by  Brown  and  Beachem  (3)  will  be  used.  In  this  instance  a  precise  value  of 
Kjc  was  available  to  define  the  fracture  toughness  index  of  this  AISI  4340  steel. 

A  precracked  specimen  surrounded  by  corrodent  was  loaded  at  an  initial  stress 
intensity  somewhat  lower  than  that  required  for  dry  break  and  the  time -to - 
fracture  noted.  As  shown  in  Fig.  4,  successively  iower  initial  stress  intensities 
were  used  until  a  stress  intensity  was  reached  which  was  insufficient  to  propagate 
the  crack  during  the  duration  of  the  test.  From  these  values  one  can  istimate 
tho  minimum  stress  intensity  required  to  propagate  the  stress-corrosion  crack, 
i.  e.,  Kj8uC.  It  should  be  noted  that  one  cannot  state  with  authority  that  a  crack 
will  never  grow  at  a  stress  intensity  lower  than  the  observed  Kjacc  since  an 
extension  of  the  time  by  one  or  two  orders  of  magnitude  might  have  resulted  in 
crack  growth.  Ore  can  state  with  authority,  however,  than  an  initial  stress 
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intensity  higher  than  Kjgcc  w ill  cause  crack  growth  by  SCC.  In  this  instance, 
the  best  estimate  of  Kjgcc  is  12.  7  ksi  v^n* 

In  addition  to  the  cantilever  specimens,  Btachem  and  Brown  (3)  have 
used  surface-cracked  and  center-cracked  specimens  to  show  the  independence 
of  Kjscc  from  specimen  geometry.  Their  surface -cracked  specimen  is  3hown 
in  Fig.  lb  with  the  associated  equation  developed  by  Irwin  (4).  The  values  of 
p  are  elliptical  functions  of  crack  depth  and  length  and  may  be  obtained  from 
Irwin's  paper.  The  data  from  these  experiments  are  shown  in  Fig.  5.  The 
geometry  and  appropriate  equation  for  Kj  in  a  center-cracked  specimen  are 
shown  in  Fig.  lc.  The  values  for  the  function ^2aj  may  be  obtained  from  the 

original  paper  by  Paris  (5),  Figure  c  shows  the  data  developed  by  Beachem 
and  Brown  for  this  specimen  geometry.  Crack  growth  in  this  specimen  was 
so  slow  that  a  definite  value  of  Kjgcc  would  not  be  determined.  The  curve 
asymptotically  approached  the  lowest  initial  stress  intensity  studied,  i.e., 

14.2  ksi  y/in.  Kjgcc  must,  therefore,  be  less  than  this  value. 

These  data  have  shown  that  the  Kjgcc  obtained  by  using  the  equations 
for  the  cantilever  specimen  (Fig.  la)  and  the  surface -cracked  specimen 
(Fig.  lb)  are  in  very  good  agreement  and  are  similar  to  the  best  estimate 
of  Kjgcc  available  from  the  center-cracked  specimen  (Fig.  lc).  One  can, 
therefore,  confidently  use  any  of  these  specimen  geometries,  with  corre¬ 
sponding  equations  to  determine  Kjscc. 

The  surface-ciacked  specimen  (Fig.  lb)  is  of  particular  interest 
because  the  limiting  case  for  a  crack  of  this  type  (a  long  shallow  crack)  is 
one  of  the  most  common  types  of  flaws  found  under  service  conditions.  For 
a  long  shallow  crack,  the  complex  equation  Oa  Fig.  lb  reduces  to 


a  =  0.  21 


c  ; 
ys  ' 


This  relatively  simple  forn  .  crn  be  used  for  estimating  the  critical  flaw 
depth  at  which  a  stress -corrosion  crack  will  begin  to  propagate  through  the 
metal. 


The  expanded  formula  has  been  used  by  Dahlberg  (6)  to  predict  the 
stress -corrosion  behavior  oi  a  large  titanium  specimen  with  a  surface 
crack  o*  known  geometry  when  stressed  in  a  3,000,000-pound  tensile  machine. 
Some  idea  of  the  massiveness  of  Dahlberg's  plate  specimen  may  be  obtained 
from  Fig.  7.  The  specimen  dimensions  were  1  in.  x  »  in.  A  24  in.  The  alloy 
f:>r  this  study  was  Ti-7Al-2Cb-lTa  with  a  yield  strength  cf  111,000  psi.  In 
the  cantilever-beam  test  this  maternal  was  round  to  have  a  Kjx  (dry  break  index) 
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of  119  ksi  .yin.  and  a  Kjgcc,  of  31  ksi  in.  From  these  data  it  was  predicted 
that  the  large  surface-cracked  specimen  would  fail  at  a  gross  stress  of  50,  000 
psi  by  stress  corrosion.  When  tested  in  a  3  1/2  percent  NaCl  solution,  no 
crack  growth  was  observed  at  a  gross  stress  of  40,000  psi  after  30  minutes. 
The  gross  stress  was  then  increased  to  50,  000  psi.  Crack  growth  began 
immediately  and  the  specimen  failed  at  25  minutes. 

Through  the  use  of  precracked  cantilever  •  beam  specimens,  stress  - 
corrosion  data  developed  relatively  rapidly  and  economically  on  small  speci¬ 
mens  can  be  used  to  accurately  predict  the  behavior  of  much  larger  specimens 
and  specimens  of  different  geometry.  In  addition,  the  same  data  can  be  used 
to  predict  the  critical-crack  depth  which  will  cause  failure  by  SCC  of  any  part 
of  a  structure  stressed  to  the  yield  point  of  the  material. 

The  precracked  cantilever -beam  SCC  test  is  not,  a  cure-all  for  all  corro¬ 
sion  testing  problems.  It  is,  however,  a  simple  and  economical  test  for  high 
strength  materials  of  relatively  low  fracture  toughness.  When  applied  to 
materials  of  high  fracture  toughness,  it  becomes  more  difficult  to  meet  the 
conditions  required  for  valid  application  of  the  fracture  mechanics  equations: 
the  specimens  tend  to  become  much  larger  and  the  apparatus  to  develop 
sufficient  moment  to  break  the  specimens,  more  expensive.  Data  can  be 
rapidly  developed  for  titanium  alloys  and  for  some  high  strength  steels  in 
which  stress-corrosion  cracks  propagate  rapidly.  The  method  is  much  more 
tedious  for  other  steels,  such  as  maraging  steels  in  which  the  crack  propaga¬ 
tion  rate  is  such  that  the  specimen  must  be  held  several  hundred  hours  at 
each  moment  value  to  determine  whether  crack  growth  will  occur.  The 
analysis  of  data  for  materials  which  are  anisotropic  with  respect  to  fracture 
toughness,  such  as  many  aluminum  alloys,  is  difficult,  and  the  application  of 
the  method  of  these  alloys  may  be  limited  to  plates  of  sufficient  thickness  to 
provide  specimens  which  may  be  broken  in  the  TW  or  TR  direction  (7). 
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Specimen  dimension  identification  and  equations. 

(a)  Cantilever-beam  specimen,  (b)  surface-cracked 
specimen,  (c)  center-cracked  specimen. 


Fig.  2.  Cantilever -beam  stress-corrosion  cracking  test 
apparatus  used  by  Brown  {see  reference  1). 


Extensometer  used  to  monitor  crack  growth  in  the 
cantilever -beam  stres  s -corrosion  cracking  test 
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Fig.  6.  Stress-corrosion  cracking  tests  of  AISI  4340  steel, 
using  center-cracked  specimens  tested  in  3-1/2 


Fig.  7.  The  massive  specimen  used  by  Dahlbcrg 
(see  reference  6)  to  predict  the  stress- 
corrosion  behavior  of  a  large  Ti-7Al-2Cb- 
1  Ta  plate. 

209 


SOME  ^ACTORS  IN  THE  f ELECTION  AND  CORRELATION  OF 
NON -DESTRUCTIVE  TESTJNC  TECHNIQUES 

D.  Birchon 

Admiralty  Materials  Laboratory,  Holton  Heath;  U.  K. 


INTRODUCTION 

Non-destructive  testing  has  f~*:led  in  its  purpose  when  an 
unacceptable  defect  has  escaped  dc  ction.  With  the  wealth  and 
sophistication  of  NDT  techniques  now  available,  the  problem  lies 
in  choosing  the  most  appropriate  inspection  techniques  and  es¬ 
tablishing  realistic  rejection  standards.  The  sensitivity  of 
modern  techniques  is  now  so  high  that  the  majority  of  the  "de¬ 
fects"  which  can  be  found  are  unlikely  to  affect  systems  per¬ 
formance.  It  is  therefore  considered  that  attempts  to  correlate 
NDT  with  behavior  linked  to  failure  patterns  is  more  important 
and  rewarding  than  attempting  to  correlate  NDT  with  the  mechani¬ 
cal  properties  of  materials. 

In  the  early  days  of  NDT,  when  crack  detection  techniques 
were  limited  to  "oil  and  chaik"  and  "wheel-tapping",  the  nature 
of  the  defects  detected  was  obvious  to  all  concerned.  Com¬ 
ponents  were  often  conservatively  loaded  and  had  a  good  reserve 
of  ductility,  so  that  appropriate  action  could  ae  decided  upon 
without  too  much  confusion.  By  way  of  contrast,  the  application 
of  modern  NDT  techniques  has  sometimes  been  plagued  by  a  policy 
of  perfection.  This  has  arisen  because  some  engineers  have 
lacked  the  experience,  judgement  and  hard  technical  knowledge  re¬ 
quired  to  dispute  the  findings  of  the  black  boxes,  and  it  is  sad 
to  record  t.ha  so  many  insignificant  "defects"  have  been  repaired 
at  quite  unnecessary  expense.  It  is  even  more  chastening  to 
observe  that  in  repairing  some  of  these  minor  and  unimportant 
flaws  greater  harm  has  been  done  to  the  structure  than  if  the 
defects  had  been  ’.wft  alone. 

The  real  purpose  of  modern  NDT  must  therefore  be  to  detect 
and  evaluate  all  significant  flaws  and  then  to  so  interpret  the 
data  that  unnecessary  surgery  is  avoided. 

A  simple  example  of  the  kind  of  approach  required  is  pro¬ 
vided  by  consideration  of  a  pressure  vessel,  having  the  usual 
array  of  nozzle  connections,  supporting  brackets  and  other  compli¬ 
cating  features,  (Lack  of  attention  to  the  details  of  so-called 
"minor  attachments"  has  often  resulted  in  the  initiation  of  failure 
in  an  otherwise  satisfactory  design,  as  pointed  out  by  Biggs  (1) 
and  others)  The  essential  problem  is  to  determine  the  most  likely 
causes  oe  failure  and  then  set  up  the  most  cost  effective  in¬ 
spection  technique.  ror  the  case  of  bursting,  we  can  use  fracture 
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toughness  criteria  (2)  to  calculate  critical  crack  length ,  with 
encouraging  precision  for  materials  of  limited  ductility  (3) 
(e.g.,  steels  above  some  150,000  p.s.i.  proof  stress).  For  more 
ductile  materials  there  are  other  approaches  (4,5)  which  enable 
the  appropriate  critical  crack  length  to  be  determined,  though 
possibly  with  less  precision. 

Enlightened  NOT  then  demands 

1.  Identification  of  the  areas  in  the  structure 
in  which  such  cracks  are  most  likely  to  grow  and 
in  which  their  presence  would  be  most  dangerous. 

2.  Identification  of  the  nature  of  built-in  de¬ 
fects,  whi^h  are  liable  to  grow  in  service.  Such 
"defects"  may  include  non-metallic  inclusions  in 
the  metal,  cracks  introduced  by  manufacturing 
processes  such  as  forming  or  welding,  etc. 

3.  Identification  of  the  mechanisms  by  which  sub- 
critical  flaw  growth  may  occur.  This  is  most 
commonly  by  fatigue,  but  stress-corrosion  cracking, 
hydrogen  ei^rittlement  and  other  processes  may  also 
be  relevant. 

The  design  must  then  be  arranged  so  that  access  around 
critical  areas  determined  as  in  (1)  above  (e.g.,  around  nozzles, 
where  tri-axial  and  thermally  induced  stresses  may  be  at  a  maxi¬ 
mum)  is  sufficient  to  ensure  that  defects  can  be  detected  before 
they  have  reached  some  fraction  of  the  critical  size.  (This  is 
really  only  an  embellishment  of  the  "leak  before  break"  cri¬ 
terion)  .  In  order  to  allow  a  sensible  margin  for  error,  and 
crack  growth  between  periodic  inspections,  it  is  necessary  to 
work  backwards  from  metallurgical  considerations  to  ensure  that 
the  initial  design  permits  adequate  access  to  critical  areas, 
and  further,  that  operation  of  equipment  between  inspections,  is 
limited  in  time  to  periods  during  which  sub-critical,  flaw  growth 
cannot  conceivably  reach  critical  dimensions.  Consideration  of 
this  sort  of  argument  can  be  made  semi-respectable  by  the  method 
outlined  below. 


THE  LEO  TECHNIQUE 

This  is  simply  a  means  of  estimating  the  minimum  permissible 
crack  length  which  must  be  detectable  in  a  particular  component 
of  structure.  It  is  made  up  of  three  factors 

1.  The  critical  crack  length  which  will  cause 
failure,  e.g.,  determined  by  calculation  and 
verified  by  experience  .  .  .  «  L 
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2.  The  maximum  crack  length  which  can  be  permitted 

to  exist  at  the  start  of  a  period  of  operation  .  .  =  LE 
where  "E"  is  a  confidence  factor  based  upon  knowledge 
of  the  mechanism  and  rate  of  crack  extension.  Always 
less  than  unity,  its  value  will  increase  with  an  in¬ 
crease  in  fracture  toughness  of  the  material  and  with 
increasing  service  experience  of  operating  similar 
pieces  of  equipment.  However,  it  is  unlikely  to  ex¬ 
ceed  0.5  except  in  very  special  circumstances,  as  when 
the  structure  is  subjected  to  continuous  surveillance. 

3.  The  minimum  crack  length  which  must  be  detected 
during  NDT  inspection  if  failure  is  to  be  avoided 
during  the  next  period  of  operation  is  then  .  .  .  =  LEO 
where  "0"  is  a  measure  of  the  operational  efficiency 

of  the  NDT  team  and  equipment.  This  factor  is  also 
less  than  unity,  but  may  approach  it  closely  given 
high  grade  NDT  techniques,  skilled  operators,  good 
access  to  critical  areas  and  good  comparison  standards 
similar  tc  the  actual  part  under  inspection.  Such 
standards  must  provide  defects  above  and  below  the 
LEO  criterion,  and,  if  spurious  indications  are  possible 
(e.g.,  porosity  in  welds,  a  shortcoming  sometimes  of 
little  significance  (6)  in  terms  of  structural  integ¬ 
rity',  tnen  samples  containing  such  misleading  flaws 
should  also  be  available  for  comparison. 

The  determination  of  the  first  factor  "L"  is  ?  matter  for  the 
engineer  and  metallurgist  and  considerable  faith  can  now  be  put  in 
the  results  and  calculations  of  model  experiments.  The  last  factor 
"0"  is  in  the  hands  of  the  designer  and  inspection  authority  and 
is  relatively  simple  to  control,  though  its  numerical  value  is  a 
matter  for  judgement.  The  second  factor  is  the  one  involving  the 
greatest  area  of  ignorance  at  the  present  time,  because  so  many 
different  variables  are  involved  and  the  mechanics  of  fracture 
propagation  are  currently  imperfectly  understood.  This  is  an 
area  in  which  we  can  learn  a  great  deal  from  service  failures,  and 
the  author  and  his  colleagues  are  currently  conducting  a  detailed 
analysis  of  service  failures  in  the  Royal  Navy,  using  a  fine  filter 
of  different  parameters  (principally  metallurgical) ,  making  a 
distinction  between  the  causes  of  initiation  and  those  of  propa¬ 
gation,  since  these  are  by  no  means  always  the  same.  The  results 
of  a  preliminary  sample  analysis  using  only  six  broad  classifi¬ 
cations  is  shown  in  rig.  1,  together  with  the  results  obtained  by 
Todd  (7)  for  failures  encountered  in  a  fleet  of  fast  passenger 
cargo  liners.  With  the  exception  of  brittle  fracture,  the  trend 
is  similar,  and  fatigue  and  corrosion  are  clearly  the  most  important 
failure  mechanisms. 

This  result  is  not  unexpected,  and  in  itself  would  not  justify 
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the  labour  expended  in  its  determination;  it  is  only  when  some 
of  the  more  subtle  undertones  are  studied  that  guidance  emerges 
on  the  determination  of  the  value  of  "  E  " .  Some  of  the  metal¬ 
lurgical  aspects  involved  are  discussed  elsewhere  (8) .  This 
paper  is  now  six  years  old  and  therefore  dated  in  parts.  How¬ 
ever,  it  draws  attention  to  the  means  of  determining  the  metal¬ 
lurgical  Achilles  heel  in  a  design,  and  to  avoid  repeating  some 
of  the  arguments  it  is  reproduced  as  an  appendix  to  this  paper. 

Two  simple  examples  will  serve  to  show  how  consideration  of 
the  metallurgical  aspects  can  be  used  to  predict  sensitive  areas 
requiring  close  study,  the  type  of  NDT  technique  required,  and  the 
LEO  value,  where  appropriate. 

Large  high  strength  steel  studs  used  to  hold  down  the  cylinder 
heads  of  a  group  of  heavy  marine  diesel  engines  were  found  to  be 
prone  to  failure.  Metallurgical  examination  showed  that  these 
failures  initiated  as  corrosion-fatigue,  progressed  by  fatigue 
across  most  of  the  cross  section  of  the  studs  and  finally  com¬ 
pleted  in  tension  when  the  remaining  cross  section  was  too  small 
to  carry  the  peak  working  load.  In  this  case,  remedial  action 
was  taken  to  eliminate  the  corrosion-fatigue  initiation  of  failure, 
but  meanwhile  it  was  necessary  to  institute  immediate  and  effective 
NDT  examination  of  all  studs  in  situ  (about  400,  each  some  30" 
long  and  3"  diameter,  in  relatively  inaccessible  positions  in  the 
engine,  with  only  the  top  of  each  stud  in  view) . 

The  LEO  technique  may  then  be  used  as  follows :- 

L  =  2  1/2"  (determined  from  observations  of  the 

fracture  surface  of  a  large  number  of  failures) . 

E  =  1/2  (a  relatively  high  value  since  crack  growth 
rate  was  slow  and  the  required  safe  life  before 
new  studs  could  be  made  and  fitted  w as  relatively 
short) . 

0  =  1/2  (no  higher  value  could  be  given,  since  it 
was  intended  that  NDT  should  be  conducted  with¬ 
out  removing  the  studs,  and  the  integrity  of 
the  signals  was  therefore  impaired  by  multiple 
echoes) . 


therefore  LEO  =  3/8" 

By  introducing  an  artificial  crack  into  a  stud  (using  a  hack¬ 
saw)  in  the  position  of  failure,  the  use  of  ultrasonics  was  proved 
to  be  able  to  detect  any  crack  of  depth  more  than  3/8",  and  this 
was  therefore  a  valid  technique  for  the  inspection  of  studs  in 
situ. 
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Another  example  concerned  impeller  blades  in  which  relatively 
minor  vibrations  resulted  in  the  slow  development  of  corrosion 
fatigue  fissures,  the  more  prominent  of  which  eventually  accel¬ 
erated  as  fatigue  cracks,  leading  to  increased  vibration  and  rapid 
failure.  In  this  case,  "L"  was  found  (from  the  examination  of 
failures)  to  be  about  1/16",  "E"  was  conservatively  rated  as  1/4, 
and  "0",  due  to  the  limited  access  and  indifferent  surface  finish, 
was  similarly  rated  at  1/4.  LEO  therefore  became  about  0.004", 
a  dimension  so  low  that  effective  NDT  of  the  components  could  not 
be  accomplished  in  situ.  In  both  of  these  cases,  the  use  of  the 
LEO  technique  at  the  design  stage  would  probably  have  resulted 
in  the  elimination  of  failures,  due  to  correct  anticipation  of 
the  mechanism  of  failure.  Even  without  this  benefit,  it  would 
have  encouraged  minor  design  modifications  which  would  have  made 
NDT  examination  more  simple  to  conduct,  more  sensitive  and  more 
positive. 

There  are  of  course  examples  where  the  guidance  of  LEO  is 
unnecessary.  For  example,  during  the  drilling  of  holes  in  ultra 
high  strength  steels,  a  slightly  blunt  drill  can  result  in  the 
production  of  a  very  thin,  cracked  martensitic  layer  in  the  bore. 
Since  such  steels  are  inevitably  highly  stressed  in  service,  the 
hole  acts  as  a  stress  raiser,  fatigue  crack  propagation  is 
relatively  rapid  and  critical  crack  length  is  relatively  small, 
no  bore  cracks  can  be  accepted.  This  means  that  the  NDT  inspec¬ 
tion  must  be  very  sensitive  and  the  best  technique  is  probably 
a  close-fitting  eddy  current  plug  probe,  using  moderately  high 
frequencies  (5-10  Kc/s)*  to  measure  surface  conductivity. 

CURRENT  AND  FUTURE  ROLE  OF  NON-DESTRUCTIVE  TESTING 

The  methods  now  available  are  numerous  and  fully  described 
elsewhere  (9,10)  and  by  other  contributors  to  this  "Symposium. 

The  range  and  sophistication  of  equipment  is  increasing  rapidly, 
but  it  is  the  author's  opinion  that  knowledge  of  the  way  in 
which  certain  techniques  (particularly  ultrasonics  and  eddy 
currents)  actually  work  is  lagging  behind  their  application,  and 
that  this  is  a  field  in  which  considerable  effort  is  justified  in 
order  to  upgrade  the  value  of  observations  and  reduce  the  risk  of 
expensive  misinterpretation  of  spurious  indications. 

Non-destructive  testing  is  currently  well  established  in  two 
fields :- 


1.  Examination  of  materials  and  components  before 
and  during  construction. 

2.  Examination  of  completed  equipment  before  service, 
and  at  intervals  during  service. 
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*The  depth  "p"  at  which  the  induced  current  falls  to  e  of  the 
surface  value  is  given  by  p  =  0.063  inches 

where  p  =  resistivity  (i.e.,  10^  x  resistivity 
in  ohm  cm) 

u  =  permeability  (unity  for  non-magnetic 
materials) 

f  =  frequency 

With  our  increasing  knowledge  of  failure  patterns,  more 
onorous  demands  upon  materials,  and  the  increasing  realisation 
that  most  structures  have  built-in  defects  and  cracks  anyway, 
it  is  suggested  that  v/e  must  now  accept  a  logical  extension  of 
NDT  to  a  third  field,  the  continuous  surveillance  of  critical 
areas  of  important  structures  in  service.  This  is,  after  all, 
no  more  than  is  practised  in  so-called  reliability  engineering  (11) 
in  electronic  equipment  used  for  telecommunications  and  computers. 

The  need  for  continuous  surveillance  of  structural  integrity 
is  particularly  apparent  in  defence  and  space  applications,  and 
in  these  cases  the  problems  of  ensu"ing  effective  surveillance 
can  be  formidable.  Personnel  are  usually  already  fully  employed 
on  their  proper  duties,  and  it  is  important  that  NDT  monitoring 
should  neither  burden  their  time,  encroach  excessively  upon  space 
and  weight,  nor  lower  morale  by  making  the  operators  too  defect 
conscious.  The  use  of  the  LEO  approach  assists  in  the  formulation 
of  a  sensible  policy,  with  correct  allocation  of  priorities,  in 
such  problems.  The  need  for  such  continuous  sur\eillance  increase 
as  "L"  decreases,  and  becomes  mandatory  when  "E"  is  small  and  the 
structure  is  a  critical  one. 

CONTINUOUS  SURVEILLANCE  TECHNIQUES 

One  of  the  most  interesting  developments  in  this  field  has 
been  the  introduction  of  fatigue  sensors.  These  are  basically 
foil  strain  gauges,  which  are  bonded  on  to  the  structure  in 
appropriate  positions.  The  gauges  are  small  (typically  1/4" 
square)  and  they  are  merely  left  in  place  like  tiny  postage 
stamps.  A  portable  resistance  meter  is  attached  to  the  gauge 
when  its  resistance  is  to  be  measured,  so  that  no  permanent 
wiring  installation  is  required.  At  present  the  gauge  material 
is  fully  softened  (commonly  cupro-nickel  or  nickel-chromium)  so 
that  repeated  changes  in  the  strain  in  the  surface  to  which  it  is 
attached  result  in  accumulated  plastic  deformation  within  the 
foil  material,  which  is  manifested  as  an  increase  in  resistivity. 
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The  novel  feature  of  the  application  of  these  gauges  lies  in 
the  fact  that  for  accumulated  cyclic  strains  of  the  order  required 
to  cause  fatigue  failure  in  light  alloys,  the  resistance  change 
in  the  sensor  is  cf  the  order  of  10%.  Thus,  for  a  gauge  having 
an  initial  resistance  of  100  ohms,  there  will  be  a  10  ohm  change 
at  the  time  of  fatigue  failure  of  the  panel  or  spar  to  which  it 
is  attached.  This  large  change  in  resistance  eliminates  problems 
of  contact  resistance  and  the  need  for  fixed  lead  wires,  and  it 
is  only  necessary  to  use  a  simple  measuring  instrument  with  a 
resolution  of  the  order  of  0.05  ohms. 

However,  there  are  certain  limitations  with  current  fatigue 
sensors . 

1.  The  gauges  must  be  calibrated  on  the  full  size 
test  elements,  since  the  cumulative  fatigue  damage 
laws  are  not  sufficiently  well  known  at  present  to 
enable  known  or  predicted  loading  patterns  to  be 
properly  correlated  with  the  behavior  of  the  fatigue 
ser.sor. 


2.  Strain  gradients  in  the  structure  may  be  steep. 
Hence,  if  it  were  possible  to  use  very  small  sen¬ 
sors,  accurately  aligned  over  the  peak  strain  areas, 
high  confidence  could  be  expressed  in  their  perform¬ 
ance.  But  since  we  are  usually  unable  to  define 
the  critical  area  with  a  precision  of,  say,  *0.025, 
it  is  necessary  to  use  larger  sensors,  and  these  will 
then  to  some  extent  integrate  the  strain  field  be¬ 
neath  them. 

3.  It  may  not  be  possible  to  place  the  sensors  as 
close  to  the  critical  area  as  we  would  like.  Con¬ 
sider  the  simple  case  shown  in  Fig.  2.  Here  the 
important  area  may  be  the  hole  "A"  in  the  spar  and 
access  difficulties  from  the  attachment  lug  may  mean 
that  the  sensor  cannot  be  placed  closer  than  the 
position  shown,  i.e.,  well  away  from  the  stress  con¬ 
centration  effect  of  the  hole  and  possibly  also  down 
the  major  strain  gradient  within  the  spar. 

If  we  add  these  effects  together  we  may  find  that  a  very 
promising  10%  change  in  resistance  is  rapidiy  whittled  down.  For 
instance,  item  (1)  may  mean  allowing  for  a  20%  variation  m  the 
change  in  resistance,  and  item  (2)  may  introduce  a  factor  of  2, 
and  item  (3)  may  introduce  a  further  factor  of  2  or  3.  The  cumu¬ 
lative  effect  is  therefore  to  reduce  the  anticipated  resistance 
change  at  failure  to  around  2%. 

Measurement  of  such  a  resistance  change,  using  demountable 
equipment,  is  still  feasible,  but  it  is  becoming  more  sensitive 


216 


,  to  errors  induced  by  temperature  changes,  and  it  will  be  very 

dependent  upon  protection  from  the  atmosphere  and  good  gauge 
bonding  practice.  If,  now,  we  require  to  use  a  safety  factor 
*  of  2,  in  order  to  detect  weakened  parts  before  actual  failure 

has  occurred,  the  resistance  change  is  reduced  to  about  1%. 
Measuring  the  resistance  of  a  number  of  sensors  distributed 
over  an  aircraft  or  other  structure  at  intervals  of  several 
months,  to  such  a  degree  of  precision,  is  clearly  not  a  matter 
which  can  be  regarded  lightly. 

This  difficulty  can  sometimes  be  overcome  by  the  use  of 
mechanical  strain  magnifiers,  which  are  merely  additional 
pieces  of  metal  attached  across  the  high  strain  region,  and 
of  reduced  cross  section  in  the  gauge  area.  These,  however, 
introduce  their  own  problems  since  it  is  necessary  for  the 
strain  magnifiers  to  be  bonded  to  the  structure  with  a  very 
high  level  of  integrity.  If  this  means  drilling  extra  holes 
for  fixing  bolts,  the  proposal  may  well  incur  some  disfavour. 
However,  there  might  be  a  case  for  drilling  a  hole  in  some 
k  position  such  as  "B"  in  Fig.  2,  and  fixing  the  fatigue  sensor 

inside  the  bore,  or  around  the  circumference  of  such  a  hole, 
using  a  circular  configuration. 

F 

Nevertheless,  the  use  of  electrical  resistance  fatigue 
sensors  represents  a  valuable  step  forward,  since  the  sensor 
is  subjected  to  the  actual  loading  regime  experienced  by  the 
structure  and  correlation  problems  are  immediately  eased. 

Also,  by  using  large  numbers  distributed  over  an  aircraft  or 
other  structure,  NDT  during  maintenance  time  can  be  focused 
upon  the  more  highly  loaded  areas,  thereby  improving  the 
efficiency  of  inspection  without  increasing  the  time  required 
for  non-destructive  testing.  A  survey  of  the  potentiality  of 
a  number  of  fatigue  sensors  has  recently  been  made  (12)  and 
it  is  hoped  that  future  developments  in  this  field  will  provide 
first  of  all  a  greater  signal  for  a  given  degree  of  accumulated 
plastic  deformation,  secondly,  temperature  coefficients  of  ex¬ 
pansion  matched  closely  co  those  of  the  structures  upon  which 
they  are  to  be  employed,  and  thirdly  correlation  of  the  change 
in  electrical  characteristics  with  load  patterns. 

To  anticipate  the  need  to  monitor  crack  presence  and  ex¬ 
tension  rate  in  structures,  we  have  considered  various  tech- 
,  niaues  suitable  for  continuous  surveillance. 

The  requirements  for  such  devices  ares- 

1.  Unambiguous  output  signal. 

2.  Small  size,  rugged  construction. 

3.  Absolute  minimum  of  maintenance  and  operation. 
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4.  Reliability  at  low  cost. 

5.  Ease  and  speed  of  installation. 

An  obvious  contender  is  the  electric  resistance  strain 
gauge,  which  is  small,  and  for  which  reliable  portable  read¬ 
out,  recording  or  display  equipment  is  available.  If  a  crack 
is  propagating  in  the  vicinity  of  the  strain  gauge,  two  cases 
mast  be  considered.  Firstly,  if  the  crack  passes  beneath  the 
gauge,  the  indicated  strain  will  rapidly  increase  by  the 
amount  reflecting  the  crack  opening  displacement.  However, 
the  limiting  crack  opening  displacement  beyond  which  fracture 
of  the  gauge  will  occur  is  small  and  also  at  rather  lower 
maximum  values  of  crack  width,  fracture  of  the  gauge  by  fa¬ 
tigue  may  be  expected  in  a  relatively  few  cycles  if  the  strain 
across  the  crack  is  varying.  Therefore,  in  the  case  of  a  gauge 
going  open -circuit ,  one  can  conclude  that  a  crack  has  passed 
that  position,  so  long  as  the  integrity  of  the  instrument  is 
assured.  The  second  case  involves  the  crack  passing  nearby, 
in  which  event  the  pattern  of  strain  change  during  operation 
will  differ.,  with  smaller  strain  excursion  amplitudes  than 
those  previously  observed.  Again,  the  information  can  be  con¬ 
sidered  unambiguous  onlv  if  the  integrity  of  bonding  of  the 
qa  ge  is  beyong  reproach. 

To  evaluate  the  potentialities  of  this  technique,  foil 
strain  gauges  were  attached  with  Eastman  910  adhesive  across 
an  artificial  "crack"  v/hich  could  then  be  opened  by  known  in¬ 
crements,  using  the  caliper  straining  frame  shown  in  Fig.  3. 

In  all  cases,  two  patterns  of  response  were  observed,  a  rela¬ 
tively  low  sensitivity  to  crack  width  up  to  some  "break-away" 
point  (probably  corresponding  to  the  displacement  at  which 
local  elongation  of  the  foil  commences)  followed  by  a  much 
more  sensitive  regime  until  a  gap  width  was  reached  at  which 
excessive  relaxation  presaged  imminent  failure.  The  results 
are  summarized  in  Table  I. 

Further  consideration  of  the  desirability  of  measuring 
crack  opening  displacement  led  to  the  development  of  the  dis¬ 
placement  transducer  module  shown  in  Figs.  4  and  5.  This 
emplovs  commercially  available  differential  transformer  trans¬ 
ducers  which  require  only  a  stabilized  6  volt  D.C.  supply  to 
provide  a  voltage  output  directlv  proportional  to  the  displace¬ 
ment  of  the  core.  Recorder  modules  of  the  type  shown  in  rig.  6 
permit  switched  ranges  of  sensitivity  of  *1,  2.5,  5,  10,  and  50 
thousandths  of  an  inch  to  be  selected,  and  the  sensitivity  of 
this  equipment  is  of  the  order  of  2  x  10“^"  with  a  maximum  crack 
opening  displacement  capability  of  0.1"  which  is  greatly  in 
excess  of  that  of  strain  gauges.  It  is  merely  necessary  to  site 
the  transducer  across  the  path  of  an  anticipated  crack,  for  its 
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output  to  reflect  the  component  of  crack  opening  displacement 
parallel  to  the  axis  of  the  transducer  module.  The  output  can 
also  be  integrated,  either  on  site,  or  by  subsequent  examination 
of  stored  data,  to  give  information  on  the  fatigue  experience 
which  has  accumulated  in  the  monitored  region.  For  such  purposes, 
a  different  form  of  recording  equipment  would  be  desirable. 

Another  technique  which  is  being  developed  at  the  Admiralty 
Materials  Laboratory  is  a  transistorized  eddy  current  crack  de¬ 
tector  of  novel  design.  The  circuitry  employed  (13)  is  unusual 
and  arose  from  a  close  consideration  of  the  physics  of  the  be¬ 
havior  of  a  coil  carrying  an  osci’lating  current,  when  placed 
close  to  a  ferromagnetic  material.  A  vector  plot  of  impedance 
and  phase  angle  shows  that  the  response  is  approximately  a 
circular  arc,  the  centre  of  which  is  displaced  from  the  orgin 
of  the  plot.  By  a  balanced  circuit  design  it  has  been  found 
possible  to  measure  the  impedance  of  the  coil  from  a  reference 
position  corresponding  to  the  centre  of  the  polar  plot.  The 
advantages  of  this  technique,  apart  from  the  small  size  of  the 
device  and  economy  in  components,  is  that  the  probe  is  rela¬ 
tively  insensitive  to  the  inductance  of  the  material  and  its 
distance  from  the  surface.  In  practice,  it  is  possible  to 
adjust  the  device  so  that  gaps  up  to  0.05"  between  the  probe 
face  and  the  work  introduce  no  significant  deflection  of  the 
instrument,  which  is  of  considerable  advantage  in  dealing  with 
rough,  painted  or  rusty  surfaces.  This  instrument  measures  the 
surface  conductivity  of  the  material  and  is  therefore  sensitive 
only  to  cracks  which  break  the  surface  within  its  field  of  in¬ 
fluence,  for  which  is  gives  a  quantitative  indication  of  crack 
length  over  the  range  shown,  for  a  variety  of  geometries,  as 
shown  in  Fig.  7.  This  particular  device  has  been  produced  in 
two  forms,  one  as  a  module  and  probe  with  remote  indication 
and  the  other  as  a  self-contained  portable  eddy  current  crack 
detector. 


CONCLUSIONS 

An  attempt  has  been  made  to  show  the  need  for  a  very  broad 
approach  to  be  taken  in  the  selection  and  emplovment  of  non¬ 
destructive  testing  techniques. 

A  method  for  estimating  the  validity  of  non-destructive 
testing  for  the  detection  of  significant  defects  has  been  out¬ 
lined,  and  the  case  for  an  extension  of  NDT  to  continuous  sur¬ 
veillance  of  critical  areas  has  been  presented,  together  with 
a  discussion  of  some  methods  which  can  be  employed. 

The  author  is  indebted  to  his  colleagues,  notably  Dr.  n.H. 
Warren  and  Mr.  D.E.  Bromley,  some  of  whose  work  has  been  de¬ 
scribed  in  this  paper,  which  is  published  by  permission  of  the 
Navy  Department,  Ministry  of  Defence.  The  views  expressed  are 
personal  to  the  author. 
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TABLE  I 


Strain  Gauge  Response  To  Crack  Opening  Displacement 


LENGTH 

OF  FOIL 
GAUGE 

INITIAL 

SENSITIVITY 

SECONDARY 

SENSITIVITY 

Minimum 

Detectable 

Gap* 

Break -away 
Point 

Minimum 

Detectable 

Gap* 

Maximum 

Gap 

1/2  inch 

0.06  x  10"3" 

0.8  x  10-3" 

0.007  x  10”3" 

2.0  x  1C“3" 

1/4  inch 

0.04  x  10'3" 

0.^  x  10"3" 

0.006  x  10“3" 

1.5  x  10-3" 

1/32  inch 

0.015X  10“3" 

0.3  x  10-3m 

O.COOSx  lO’3" 

0.8  x  10-3" 

*  Assuming  sensitivity  of  measurement  of  1  in  103. 
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